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Abstract—in this paper, a low phase noise and low supply
voltage ring based voltage-controlled-oscillator (VCO) is
presented. The phase noise performance is improved by modifying
the symmetrical load differential VCO delay-cell structure in
order to maximize the output voltage swing. The circuit is
implemented in a 0.13μm CMOS technology. The operation
frequency of the proposed ring based VCO is from 6138 to 7222
MHz. The characteristics of the proposed ring based VCO are
−128.2 dBc/Hz at 1 MHz frequency offset in terms of phase noise,
and 2.42 mW with a 1.2 V voltage supply in terms of power
consumption.
Index Terms— Phase noise, ring oscillator, delay cell,
symmetrical load, output voltage swing, voltage-controlled
oscillator (VCO).

T

I. INTRODUCTION

HE oscillator constitutes a major part of many electronic
systems, ranging from the clock generation circuit in the
microprocessor to the carrier synthesis in the cell phone, where
the required structure and performance parameters vary widely.
This article deals with CMOS oscillators, acting in a Voltage
controlled oscillator (VCO).
For the VCO's conventional design, there are many
performance parameters to consider, including the center
frequency, the voltage swing, the regulation range, the
frequency adjustment, the linearity, the power consumption,
power supply and the common mode rejection.
In addition, the designs of oscillators must be based on
functional requirements and related performance indicators,
including noise suppression and chip area. The chip area issue
can be of great handicap in the LC based VCO design despite
its good performance in terms of noise suppression.
On the other hand, a ring based VCO can be implemented
integrally in CMOS technology, where there is absence of
inductance components. This absence saves a lot of chip area.
In fact, this is one of the major advantages of ring based VCO
because it permits the achievement of low-cost voltagecontrolled oscillator. In addition the implementation of the
VCO in the CMOS technology makes the VCO tuning range
wider compared with VCO in other technologies [1].
In this paper, the phase noise of differential ring oscillators
is improved using a new design, making the VCO competent
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with LC designs. The design was implemented in a standard
TSMC 0.13μm CMOS process, with oscillation frequencies up
to 7.222 GHz.
In section III, the architecture of the symmetrical load
differential VCO delay cell structure is examined. Also, the use
of the two-tailed current sources and the self-excited tube
structure and their impact on the increase of the oscillation
frequency and the voltage swing at the output are examined. In
Section IV, the design of the proposed VCO is described. In
addition, the measurement results of this VCO are presented. At
the end of this section, the results are compared with other
published works.
II. PHASE NOISE IN RING OSCILLATOR
Timing uncertainty of a periodic signal is either referred as
phase noise or jitter. Phase noise and jitter are used to measure
the oscillator noise performance parameters. While phase noise
is the uncertainty in the frequency domain used to measure the
spectral density of the oscillator, jitter is used to define the
uncertainty in time domain [2]. Thus, they refer to the same
phenomenon, and phase noise will be used to refer to both
through this dissertation in qualitative discussions.
The ideal oscillator output spectrum is a pulse function, but
due to various noises in the circuit resulting from the
temperature variation, power supply voltage and other factors,
the output signal spectrum will change as shown in Fig. 1.
The factors that contribute to the phase noise can be
classified in two categories. First, the random factors that create
random variations of the timing of the signal edges. Major part
of this noise originates from thermal noise and flicker noise (1/f
noise) of active and passive devices that constitute the circuits.
Note that at temperatures higher than absolute zero, every
active and passive device in a circuit exhibit thermal and flicker
noise.
Fig. 2 shows the different areas of phase noise. Area 1/𝑓 2
due to thermal noise and area 1/𝑓 3 due to low frequency noise
are considered as flicker noise in MOS devices. Note that “f” is
considered as the carrier frequency.
Reducing all these components of the phase noise to some
level is possible using different circuit design techniques.
However, its effect is fundamental and it is often the major
contributor of the total phase noise.
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III. SYMMETRICAL LOAD DIFFERENTIAL VCO WITH TWO-TAILED
CURRENT SOURCES AND SELF-EXCITED TUBE STRUCTURE
Because of the frequency limitations and low phase noise
performance of a single-loop based ring oscillator, other
architectural techniques are necessary to reach lower levels of
phase noise in ring oscillators.
The swing enhanced structure which is shown in Fig. 3 (a)
is the architecture chosen in this work, for a 3-stage ring
oscillator as shown in Fig. 3 (b).

Fig. 1. Oscillator spectrum in frequency domain
(a)

(b)
Fig. 3. Proposed (a) delay cell and (b) 3-stage ring oscillator

Fig. 2. Different regions of phase noise

The second category contributing in the phase noise is the
system factors that can generally be avoided by a careful design
of the system. This noise is caused by interfering signals from
other parts of the integrated system, usually the power supply
and ground lines.
Of course, inputs of system components, such as the control
input of an oscillator, are also susceptible to this kind of
disturbance. The effect of mismatches between devices and the
delays of different oscillator stages is also considered to be part
of the system factors.
In general, there are various methods available to reduce the
output noise of a ring oscillator. Some of these methods are
intended to lower the effect of a specific noise source while
others improve the overall noise characteristics of the circuits.
Additional techniques to decouple the circuit from the power
lines along with the differential architecture are implemented in
case the power lines are the most significant noise sources in the
system.
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This technique adds two-tailed current sources while uses a
self-excited tube structure to design new differential VCO
extension. The main idea is to eliminate the disadvantages of
symmetrical load differential VCO, and play to their strengths,
to design a new extension delay unit configuration, so that a
cascade of 3 stages of these units constitute a High Performance
Voltage-Controlled Oscillator (HPVCO), characterized by a
stable full-swing output with a wide range of voltage regulation.
A. Swing Lifting Structure
First, in order to improve the symmetrical load differential
VCO, it is necessary to eliminate the correlation between the
output signal amplitude and the control voltage (𝑉𝑐 ) changes.
This shortcoming of the based symmetrical load delay unit
circuit structure is fixed by the addition of a pair of MOSFET
(M1 and M2 in the Fig.3 (a)) to construct a Swing-Enhanced
Structure (SES).
This structure is similar to the inverter structure, mainly
used to enhance the output signal swing. This Structure
achieves an output signal swing that does not change with the
control voltage (𝑉𝑐 ).
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The use of a SES introduces a new current that may cause
the tail current throw M8 to change and thus changes the output
frequency.
In the design process, there is a need to match the width size
of M1 (pMOS) and M2 (nMOS), so the tail current flow is not
affected. In fact, the movement of holes in semi-conductors is
slower compared with that of electrons. Thus, in order to deliver
the same current as nMOS transistor, a pMOS transistor must
have a greater width. Thus, the ratio of width over length
𝑊/𝐿 of pMOS is taken as 3 times the one of the nMOS to
guarantee the current condition.
As for the frequency control, when the bias voltage 𝑉𝑏 is
greater than 0.7V, the tail current source (M8) is activated, and
the symmetrical load differential circuit structure starts to work,
so that the frequency of the output signal starts to change with
the control voltage 𝑉𝑐 and directly with the bias voltage 𝑉𝑏 .
B. Double Tail Current Source Structure
On the basis of the symmetrical load delay unit circuit
structure, the introduction of the swing lifting structure
effectively improves the signal swing. VCO voltage swing is
lying between 0 volt and the supply voltage level, but it is
assumed that when the bias voltage 𝑉𝑏 is low, the differential
VCO frequency is not controlled by the control voltage 𝑉𝑐 .
The reason for this is that when the control voltage 𝑉𝑏 is
low, the tail current throw (M8) is in the cutoff region or the
linear region, resulting in symmetrical load differential circuit
that is not working properly.
In order to eliminate this phenomenon and to ensure that the
differential VCO output signal is in the control voltage full
range of changes, a (Dual Current Structure, DCS) is
introduced, to ensure a symmetrical load differential circuit is
working properly.
Due to the introduction of DCS, the SES has little effect on
the output frequency, and its main role becomes the
amplification of the output swing. In consequence, the
amplitude of the output swing variation with the control
voltage Vc greatly reduces. Note that, the role of the DCS is to
increase the frequency of the output signal, and to ensure that
the two differential outputs of the VCO are 180 degrees out of
phase.
C. Self-excited Pipe Structure
After adding the swing lift structure and the double-tailed
current source structure, the benefits are increased, but to the
detriment of gain reduction which means that the VCO
adjustment range is reduced.
In order to maintain the advantage, the gain should be
increased to maintain linearity at large or full range of control
voltage. This is solved by introducing a self-excited tube
junctions (Incentive Transistor Structure, ITS). In the proposed
design M6, M7 play the role of the new self-excited tube.
Concerning the operation of the self-excited tube, when the
differential input 𝑉𝐼𝑁− is low, the differential output 𝑉𝑂𝑈𝑇+ is
high and the control voltage 𝑉𝑐 is fixed at a certain value. The
source of M6 is at high potential, the drain is connected to the
gate of M4 , and the drain potential is low, since the two-stage
source of the transistor can be interchanged, M6 draws current
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from 𝑉𝑂𝑈𝑇+ , and charges the gate of M4, resulting in M4 charge
current decreases.
When the differential input 𝑉𝐼𝑁− is high, the differential
output 𝑉𝑂𝑈𝑇+ is low, M6 discharges from the gate of M4 to
𝑉𝑂𝑈𝑇+ , making the M4 gate potential decreases, resulting in M4
charge current to increase. The self-energizing tube (M6)
functions as a negative feedforward, effectively adjusting the
linearity.
IV. OSCILLATOR DESIGN RESULTS
The proposed ring based VCO is simulated in a 130 nm
CMOS technology.
In Fig. 4, is showed the variation of oscillation frequency
obtained versus the variation of bias voltage. In response to a
sweep of the bias voltage between 0.7 and 1.2 V, the operation
frequency increases progressively from 6138 to 7222 MHz.

Fig. 4. Measured oscillation frequency of the proposed VCO versus the bias
voltage.

Fig. 5 shows the transient response of the proposed based
VCO. The voltage swing is limited between 0.3 and 1.15 V.

Fig. 5. Output transient response

As shown in Fig.6, the measured phase noise is −128.2
dBc/Hz at a 1MHz offset at an oscillation frequency of 6138
MHz while the power dissipation is 2.42 mW at a 1.2 V supply.

83

International Journal of Digital Information and Wireless Communications (IJDIWC) 8(2): 81-84
The Society of Digital Information and Wireless Communications, 2018 ISSN: 2225-658X (Online); ISSN 2412-6551 (Print)
V. CONCLUSION
A low phase noise and low voltage ring based VCO is
proposed as a promising structure in CMOS integrated
technology. The performance of the phase noise is improved by
modifying the symmetrical load differential VCO delay cell
structure to extend the output voltage swing. The VCO is
implemented in a 130 nm CMOS technology. The new structure
has a frequency tuning range from 6138 to 7222 MHz (about
17.66%). At 6138 MHz, the measurement shows that the phase
noise is −128.2 dBc/Hz at frequency offset 1MHz with a power
dissipation of 2.42 mW at a 1.2 V supply. Regarding the FoM,
the VCO proposed in this work scored −200.12 dBc/Hz. The
VCO proposed provided an optimized design to achieve low
phase noise for low supply voltage in the deep sub-micron
technology.

Fig. 6. Phase noise measured at 1 MHz offset

The phase noise of the proposed VCO is 20 dB lower than
that in [7] for the same basic design structure and at the same
frequency offset.
Table I shows a comparison of the measurement results of
the proposed VCO with results of other works. Any comparison
should be based on clear criteria. Because the results of
different works have different frequencies and power
consumptions, a figure of merit (FoM) is defined below [8]:
𝑓

𝑃𝑑𝑐

∆𝑓

1 𝑚𝑊

𝐹𝑜𝑀 = −20 log ( 0 ) + 10𝑙𝑜𝑔 (

) + 𝐿{∆𝑓}

(1)
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Abstract—Time-reversal (TR) techniques recently adopted
from acoustics to guided wave propagation along transmission
lines have proven to be effectual in locating soft faults in
different wire network configurations. In this paper, we apply
the TR multiple signal classification (TR-MUSIC) technique to
cable testing. TR-MUSIC is shown to provide spatial resolutions
in the mm range, while using continuous-wave test signals.
On the contrary, the well known time-domain reflectometry
(TDR) methods would require large bandwidths in the order of
gigahertz for a similar performance. The TR-MUSIC accuracy
is demonstrated experimentally for locating both single and
multiple soft faults in several cable networks.

I. I NTRODUCTION
Despite the fact that huge efforts are being invested towards
transforming the globe into a wireless world, most modern
systems still rely on cables for energy and information distribution between their different parts. Surprisingly, statistics
conducted on vehicles have shown that about 35% of their
total infrastructure is electrical based where a modern car can
contain up to 4 km of wires. Add to that, several hundred
km have cumulated in aircrafts which escalates in transport
ships to more than 1200 Km [1], [2]. Consequently, this
tremendous usage of cables with extensive long lengths is
normally subject to aggressive internal and external conditions,
namely manufacturing defects and environmental changes,
etc., resulting in wire fault appearance.
These anomalies that affect a cable can be the origin of
dysfunctions and imply serious consequences for the system
or the environment. Generally, these wire defects can be
categorized in two main families: hard or soft faults. Hard
faults are typically short or open circuits which are the sources
of many fires or signal losses. On the other hand, any fault
which is not hard can considered a soft one, these include
insulation damage, cracks, frays, etc. Notably, soft faults are
characterized with weak reflectivities and are usually difficult
to detect [3], [4]. Although, soft faults might not appear
dangerous in their early stages, their potential degradation with
time might end up with hard faults leading to catastrophic
consequences. With this in mind, we focused our research
efforts on dealing with such kind of faults due to their critically
difficult detection, especially in complex wire networks [5]–
[8].
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Accordingly, guaranteeing a trustworthy usage of cables
necessitates investing in the research and development of techniques qualified for precisely detecting the presence of faults in
wire networks. Although, we have witnessed during the last
few decades a wide range of methods employed for testing
cables in an effort to locate faults, reflectometry kept the
flagship in this domain [1], [9]. Originally developed in radar
to locate targets and anomalies in free space, reflectometry
injects a predefined testing signal into the network under test
(NUT). The incident wave propagates according to the laws
of propagation in the NUT until an impedance discontinuity is
encountered (connector, junction, load or fault). Consequently,
a reflection phenomenon will occur where a fraction of the incident energy will be reflected back to the injection point. The
analysis of the received signal to the injected one provides very
rich information about the presence, position, and nature of the
impedance discontinuity. This information shall be valuable
for maintenance operators to monitor the health of electrical
networks and accordingly determine the degree of harmfulness
this fault might bring to the whole system. Inspite the fact
that promising results have been obtained when dealing with
hard faults, difficulty in detection was encountered once soft
faults are addressed [9]. Regrettably, the situation is expected
to be worsened once branched networks are studied as multiple
echoes from different impedance discontinuities in the system
(junctions) might dwarf the one corresponding to the fault.
Indeed, a similar effect is obtained once noise is encountered
in the system.
With this in mind, it is worthy to note that a great resemblance exists between locating a soft fault in an NUT and
detecting a target by radar in a cluttered environment. In fact,
multiple scattering in the propagation medium can mask a
weak target signature, jeopardizing its eventual detection. In
other words, techniques used for target detection in a generic
medium can be transposed to solve the problem of locating
weak reflectivity soft faults in complex NUTs. Time-reversal
(TR) concept developed in acoustics to retrofocus signals back
to their source [10], allowed creating focal spots on a target’s
location simply by retransmitting a time-reversed version of
echoes initially reflected by a target exposed to excitation
signals.
Within this context, TR-based methods were adopted to
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solve the problem of detecting and locating soft faults in
different complexity cable networks [5], [11], [12]. Notably,
DORT method, a TR variant standing for decomposition of the
TR operator, contributed significantly in the precise location
of single and multiple soft faults in complex NUTs [6]–[8].
On the other hand, DORT necessitated testing the NUT over
large bandwidths in the GHZ range to provide the conditions
of a good spatial resolution which is not always available
especially when dealing with band-limited systems. Besides,
dealing with multiple faults in the same wire network required
an iterative procedure integrated with the standard DORT
method to provide accurate estimates of the fault locations
[7].
For an efficient dealing with these problems, multiple signal
classification (MUSIC) [13], a subspace method, succeeded
efficiently in providing good estimates of targets’ locations
when applied in conjunction with TR processing. Markedly,
the coupling between TR technique with the MUSIC algorithm
has led to the creation of what is referred to as the TR-MUSIC
[21]. This new concept has lead to a robust approach for
locating targets in both homogeneous and non-homogeneous
backgrounds especially in the cases of closely spaced targets
or when using very sparse antenna arrays. This is true as the
TR-MUSIC employs the null space of the multi-static data
matrix (MDM) of the system. Accordingly, the TR-MUSIC
based algorithm will be tested in this paper for estimating the
locations of single and multiple soft faults in various cable
network layouts.
II. T IME - REVERSAL MUSIC
Time reversal, is the process of emitting a time-reversed
version of a source’s captured response in open space so as to
retrofocus around it. TR of acoustic waves has been applied
with success to a wide variety of applications including medical imaging problems, non-destructive testing, target location
in radar and sonar systems [10], [16]–[18], in addition to their
compatibility with electromagnetic waves for the aim of target
detection [19], [20]. Accordingly, TR-MUSIC will be adopted
to guided wave propagation on transmission lines especially
that it has lead to superesolution imaging using continuous
wave excitations, a merit overshooting other methods in this
domain.
A. General Concept in open media
In the last few decades, estimating the locations of pointlike scatterers in open space have caught enormous attention.
For this purpose, Devany in [21] applied for the first time
the MUSIC concept for the goal of estimating the location of
targets from the scattered field data by employing subspace
methods used in signal classification and discrete spectrum
estimation.
In order to better understand the theoretical concept of TRMUSIC as applied in free space, let us consider an array of
L reversible transducers. In the first place, an inter-element
impulse response (IEIR) expressing the received signals as
functions of the transmitted ones is defined for each pair
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of transducers. For instance, the IEIR klm (t) is the signal
received on the channel number l after a temporal Delta
function is applied to the channel number m. According to the
reciprocity theorem known for propagation in inhomogeneous
medium, the IEIR from element number m to l is equal to
that from l to m, that is to say klm (t) is equal to kml (t). The
repetition of the process for each pair (m, l) of transmitting
and receiving elements leads, at a given frequency, to the
MDM or transfer matrix S(ω) whose dimensions would be
L × L. It is worthy to note that all the data and signal
processing is performed in the frequency domain and is
associated with a single frequency ω. Since all the expressions
are associated with the given frequency, ω will be omitted from
hereafter.
Since the TR operation is equivalent to a phase conjugation
in the frequency domain, the TR operator (TRO), denoted as
K, can be defined as follows
K = S† S

(1)

where † stands for the Hermitian transpose. In fact, the symmetry of S implies the TRO K is Hermitian, therefore K can be
diagonalized and the number of significant eigenvalues hints to
that of well-resolved scatterers. TR-MUSIC, like classical TR
imaging as performed in DORT method, is designed to locate
M point targets from the knowledge of K under the condition
that L > M [20]. In fact, both DORT and TR-MUSIC are
based on the eigenvalue decomposition of K where
K = UΛU† ,

(2)

knowing that Λ is a real diagonal matrix of eigenvalues, and U
is the eigenvector matrix. Notably, U can be decomposed into
a signal space S and a noise or null space N . Specifically, S
is group of eigenvectors with the most significant eigenvalues,
i.e., S = span{ui , λi > λth } whereas N is formed by
the remaining eigenvectors having insignificant eigenvalues
N = span{ui , λi < λth }, given that λi and ui are the
eigenvalues and their corresponding eigenvectors, respectively;
λth is an arbitrary threshold determined by interpreting the
eigenvalues of K. For homogeneous and isotropic media, and
in the framework of Born approximation [23], S and N are
spanned by the conjugation of a quantity, such as a field or a
voltage, generated by the L transceivers; their interdependence
can be modeled as a vector Green function g(Xp ) , with Xp
being the test location position in space. The locations of
scatterers are found in TR-MUSIC imaging by computing a
pseudo-spectrum Φ(Xp ), defined with respect to the N , as
Φ(Xp ) = P

1
†
i ui g(Xp )

2,

(3)

where the sum is taken only over the L − M indexes i such
that λi < λth .
As a matter of fact, the orthogonality existing between S
and N implies that the inner product u†i g(Xp ) will deem to
zero whenever the test location Xp is equal to the actual position Xm of one of the targets knowing that m = 1, 2, ..., M .
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Fig. 4: Pseudo-spectra of the TR-MUSIC applied on the NUTs of Figs. 1(a),(b), and (c) computed on the basis of a continuous wave
excitation of different frequencies. Super-resolved singularities were obtained on the faults’ positions regardless the frequency used.

III. R ESULTS AND D ISCUSSIONS
Experimental tests were conducted on two different complexity NUT layouts: a single and a double Y-junction network, which are affected by either a single or a double
soft fault configuration as presented in Figs. 1(a)-(b)-(c). The
NUTs are implemented using standard 50 Ω coaxial cables
which offer a practical advantage as faults can be inserted
and removed in a controllable manner [6], [7]. Soft faults
were introduced by applying a crushing force on a set of 3.4
mm cross-section, 30-cm long semi-rigid coaxial lines. The
crushed area determines the intensity of the soft fault, where
the strongest fault fst is obtained after applying a 2 cm crush
while a 1 cm crushed area has led to the weaker fault fwe as
shown in Fig. 2.
The extremities of each NUT served as testing ports by
connecting them to a 300 kHz to 8 GHz Rohde & Schwarz
ZVB8 VNA, containing four testing ports where a complete
setup shown in Fig. 3 serves as a clarifying example. After calibrating the VNA, studying the network consisted of
measuring first the reference healthy scattering matrix Sh of
the NUT without the faults which was accomplished by using
the unaltered 30-cm semi-rigid sections. This was followed by
replacing the unaltered cable samples with the faulty ones and
measuring the faulty scattering matrix S f of the NUT. After
that, the procedure described in sec. II is applied. The imaging
pseudo-spectrum of each NUT is computed by means of an
in-house transmission-line solver, implemented under Matlab.
The single Y-junction NUT of Fig. 1 (a), containing a single
soft fault at 1.85 m from the reference testing port (1) is
firstly considered. The corresponding scattering matrices were
measured based on a monochromatic pulse (single tone, no
bandwidth) of frequency 1 MHz. Fig. 4 (a) shows the pseudospectrum computed from the experimental data; the distances
on the horizontal axis are measured from port (1), as defined
in Fig. 1. Remarkably, an accurate estimate is obtained on
the fault’s position, where the singularity attained illustrated
in Fig. 4 (a) unveils the main advantage TR-MUSIC has
introduced in the domain of fault detection and location along
transmission lines. As a matter of fact, it has shown its ability
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to provide a good spatial resolution at the fault’s position while
using a single frequency excitation.
In order to check the method’s applicability with more
complex NUTs, TR-MUSIC is examined on the single and
the double Y-junction networks of Figs. 1 (b)& (c) containing
two faults each. Significantly, super-resolved singularities are
obtained on their position as demonstrated in the pseudospectra of Figs. 4 (b)& (c) when measured using a 10 MHz and
25 MHz continuous waves respectively. It is also important
to realize, that the results obtained are not affected by the
frequency of the excitation wave, as long as it is below a
maximal frequency condition detailed in [14], a prominent
feature proving the method’s effectiveness in locating soft
faults based on continuous single frequency waves. Eventually,
this demonstrates the technique’s applicability in band limited
systems without the need of complex testing setups requiring
pulse generators and fast electronics. Markedly, another important feature has been unleashed which is designated by
the feasibility of TR-MUSIC in locating single as well as
multiple soft faults in different network complexities based on
monochromatic measurements accompanied with a subwavelength spatial resolution.

IV. C ONCLUSIONS
This article has shown once again that TR methods could
be applied to locate faults in complex cable networks which
was demonstrated here by the TR-MUSIC method. It has
been shown experimentally the feasibility of this technique
in detecting and locating single and multiple soft faults in
two NUTs with increasing complexity. The outstanding performance of TR-MUSIC in ensuring a sub-millimeter resolution
while utilizing relatively low test frequencies is an extraordinary feature, since obtaining such performance with TDR
techniques is impossible unless higher test frequencies and
wider bandwidths are used. Regrettably, this might be easily
obstructed by attenuation in cables. Indeed, the most striking
feature of TR-MUSIC is that it ensures sub-wavelength spatial
resolution in the mm range while using continuous signals.
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Abstract—A generic approach for the real-time navigation
and rescue of Mobile Robot through the control of the
thermography mapping and image processing of Quadcopter.
For navigation and position, mobile robot has to solve two
problems: Initially it is essential to determine the current
location, and build path of the upcoming journey, free from
obstacles especially in bad weather (smoke, fog, covered area).
According to the scenario of the mission, thermography mapping
is the solution for these problems. Quadcopter takes off from
Mobile Robot, surveys the path and transmits thermography
image to robot. Mobile Robot processes thermography images,
detecting dangerous area, matching moving targets in real time,
calculating the optimum trajectory and allow automatic navigate
through the outdoor environment based on the programmed
route.
Keywords—Thermography; Thermography System of Object
and Area Detection; Mobile Robot; Quadcopter; Mapping;
Heterogeneous group of robots; Navigation

additionally numerous extra locators were expands the force of
current robots.
The main objective is to reliably detect the static -dynamic
people and vehicles in a variety of environments, both cluttered
and uncluttered air views, regardless of weather conditions or
terrain. Cameras with both mobile robot and Quadcopter used
to detect obstacles [3]. Older image processing system has fair
results in bad weather conditions (smoke, fog coated region)
while displaying thermography is a solution to these problems.
Efficient navigation is important in any aircraft, especially
in the night air IR operations. Turn on the path that Quadcopter
system may be new to the region and outside the pale and
global positioning system (GPS) is transformed into a need.
GPS is used to detect the target, plan routes and during postflight processing coded and showed data (latitude / longitude,
altitude, date, time, speed, etc.) is essential.

I. INTRODUCTION
The robot is an electromechanical machine intended to play
out an assortment of undertakings in different parts of our lives.
Clearly the customary machines have more note-worthy
adaptability and capacity to adjust to different issues, including
changes in environmental factors.
Service robots are mainly designed to serve people in the
multilateral sectors of education, health, military, security,
emergency, entertainment, research, and agriculture. Specific
consideration is paid to the computerization of overwhelming,
unsafe, repetitive and tedious work in an assortment of
enterprises with the assistance of robotics [1], [2].
Presently designers of frameworks utilizing artificial
intelligence can prepare their developments for the GPSnavigation systems, cameras, thermography images, as
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Fig.1. Navigation of Mobile Robot with Thermography Mapping
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A wide range of thermal imaging holds vast areas or
divisions of emergency must be secured in order to detect or to
characterize the thermal purpose, such as people, animals and
objects. To distinguish and avoiding obstacles in their paths,
the robots must be able to screen and adapt their environment
by implementing an analysis of its kind and environment
system [4].
As a result, thermography has many advantages, such as:
1) It shows a visual picture as temperatures over a large
area can be compared to [5], [6].
2) Is able to catch moving objects in real-time maner [7].
3) It could be utilized in the field of medical sector,
mainly in physiotherapy.
4) Is ready to discover disintegrates, i.e. higher
temperature segments before disappointment.
5) It can be utilized for measuring or checking in regions
that are blocked off or perilous for different strategies.
6) This is a non-dangerous test strategy.
7) It can be utilized to discover surrenders shafts, channels
and other metal or plastic parts [8].
8) It can be utilized to distinguish objects and people in
dim spots.
In regard to that, we are developing a system Robotic
Quadcopter Mobile (QMRS), as shown in Fig.1 and Fig.3,
which performs several operations, as a movement in the other
direction, to avoid and detect obstacles, performing various
tasks (fire and rescue people using thermography comparison).
To navigate and position the mobile robot has to solve two
problems: to determine the current location, and build path of
the upcoming trip, free of obstacles, especially in bad weather
conditions (smoke, fog, covered area).
The first and second problems are solved by a system of
visual display thermography image positioning of the robot and
Quadcopter.
The purpose of the article is to demonstrate the simulation
of air / ground-based robots [9] in the real world with the help
of thermography mapping method, as shown in Fig.1 for
optimal positioning and navigation of the mobile robot and
rescue operation for the man.

II. DIGITAL MAP
Digital Map is a procedure where the information gathering
is prepared, arranged and organized in a digital image [10].
Maps depict natural and human-induced changes in the
world in high-resolution for large areas and over long periods
of time. In addition, Maps are the only source of information
about the land as surveyed using geodetic methods. In order to
preserve these unique documents that have been created, driven
by advances in software and hardware technologies growing
number of digital map files. Since the beginning of the 1980s,
researchers from various disciplines, including computer
science and geography, are working on computational methods
for extraction and recognition of geographical features of the
archival image maps (digital card processing).
A typical result of the card processing is geographic
information that can be used in spatial and spatio-temporal
analysis in the environment of a geographic information
system, which benefits the many fields of research in spatial,
social, environmental sciences, and health. However, the card
processing literature is distributed in a wide range of
disciplines in which maps are included in a special type of
image.
Over the past 40 years, researchers have become increasing
interest in methodological aspects of computing card
processing (mainly scanned maps) for the purposes of search,
retrieval and integration of geographic data. A similar increase
in the results of the attention not only of the parallel advances
in technology (e.g., digital image analysis, pattern recognition
and geographic information systems [GIS]), but also, of course,
may be due to the fact that the methods of processing computer
card will enable the preservation of the unique (historical)
cards and the use of geographic information in the modern
analytical environments (e.g., GIS).
III. THERMOGRAPHY MAPPING
Thermal imaging cameras (developed by Hungarian
physicist in the 1920s) is an advanced piece of technology that
can detect the heat emitted by any object or living being.
Infrared thermography (IRT), thermal and thermal infrared
video is cases of science show. Thermo-graphic cameras have a
tendency to recognize radiation in the long wavelength infrared
district of the electromagnetic range and imaging this radiation
is called thermo-gram. Since infrared radiation is discharged by
all items, thermography permits you to see your environment.
Consequently, thermography permits us to see varieties in
temperature. Accordingly, thermography is particularly helpful
for military and different clients of reconnaissance cameras.
Thermography is likely a standout amongst the most
underrated of new innovations of the most recent century; its
utilization is by all accounts always showing signs of change
and developing, as more businesses perceive the estimation of
this innovation in their practice.

Fig.2. Mobile Robot Belarus 132N
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The technology uses a lens that focuses the waves of
infrared light energy which can be detected in all objects on the
infrared sensor device. The energy is converted into electrical
signals, creating a video image. In relation to the object and its
surroundings, an infrared camera produces thermal profile. The
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warmest areas appear white, creating a distinctive appearance
that makes it easy to identify different objects.
Thermography has the ability to provide important
information for quality assurance purposes. Even small
temperature variations can result in serious loss of quality, i.e.
in the plastics industry or automotive industry. By creating an
infrared camera monitoring system, such errors can be
recognized, documented and corrected immediately.
Scientists were adapting the use of thermography in a wide
range of applications such as the field of security surveillance,
law enforcement and defense, Quadcopter observation [11],
monitoring the state, night vision and targets [12], thermal
mapping, medical imaging; and chemical imaging.
IV. PROPOSED SYSTEM
QMRS (Quad-copter Mobile Robotic System) is a system
of real-time calculation and avoidance of movable/stationary
objects of mobile robot Belarus-132Nas shown in Fig.2 by the
help of thermography image of quadcopter Phantom-4 Pro.
One of the fundamental difficulties is here to build
environment representations that coordinate aerial and ground
information as shown in Fig.3.
A. Thermography System of Object and Area Detection of
Quadcopter
1stQuadcopter takes off and moves over Mobile Robot at a
stature of 15-20 meters and encompassed range, photographing
it utilizing a camera and transmitting thermography picture
information to Mobile Robot [13],[14]. 2ndMobile Robot
utilizes thermography mapping, and image handling and
processing system to figure the ideal course to move. 3rdMobile
Robot utilizes the outcomes acquired in step 2 to travel through
outdoor.
Phantom-4 Vision Quad-copter is a lightweight, multifunctional integrated rotor with a camera remote-control by DJI
VISION APP as shown in Fig.4. Its range extender increases
Wi-Fi distance to 5 km. Due to its reliability, Phantom-4 Pro
Vision Quad-copter use anti-vibration camera platform with
single axis stabilization. It operates at low-voltage protection
with virtual radar aircraft locator on mobile device. The image
processing uses HD Video Recording (H.264 and H.265) and
save the sequence of image in JPEG and DNG picture formats
and video in MP4/MOV (AVC/H.264; HEVC/H.265) formats.

Fig.3. General view of Quadcopter Mobile Robotic System
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Fig.4. Thermography image mapping

Thermal image maps temperatures of the display area, and
will be useful for applications such as the detection of
structural damage to roads, to identify the source of
groundwater discharge, spotting hidden archaeological ruins,
and the discovery of roe deer, which may be affected by the
cutting operation, as shown in Fig.4 and Fig.5.
Thermography system of object and Area detection is a
hybrid system designed for temperatures from a given point in
the thermal image and projects its location directly on the
digital map, based on dynamic scales coordinates and colors set
by the user that help mobile to freely navigate in unknown
environment especially in bad weather conditions (smoke, fog
coated region).
Thermography system consists of several parts:
1) The projection on the digital map: link between the
system of heat detection and digital maps; allows the user
preference for knowing about the selected input for
destinations on the map, in addition to its coordinates. This
feature helps speed access to the target location in the event of
a forest fire, or in the case of foreign bodies marked by wide
open spaces.
2) Dynamic display: By setting the initial coordinates of the
image.
3) Control and monitoring: automatic scanning option is
enabled in the system gives an important advantage to the
central level, which would be on the other hand, the difference
between the colors in the image to the user puts more attention
to what he articulates. This function is inter-related directly in
to the first two problems mentioned.

Fig.5. Thermography image selection location
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Fig.8. General View of Phantom-4Pro Vision Quadcopter
Fig.6. Thermography image 3D model processing

Quadcopter flight path or mapping projects should be
designed to ensure a sufficient amount of a photographic
overlapping forward and the side to be better to allow postprocessing software to identify common points between each
image.
B. Image Processing of Mobile Robot
Mobile robot Belarus-132N is outfitted with sensors and
XY rotating imaging systems utilized for observation in open
ground encompassing condition and control the development
of movement. Image processing system gets information from
different cameras to calculate the distance to the obstacle [15].
Image processing System of Mobile Robot includes three
functional blocks:
•
•
•

Electronic video stabilization unit;
Video compression unit;
Automatic tracking and service control unit.

As shown in Fig. 9, the image processing module is in a
certain sense, the "intelligent". The level of intelligence of the
video is determined by the machine the ability to isolate the
informative features of the objects specified to accompany, to
take low-level solutions (identified accompanied by objects)
and to adapt to changing external and (or background)
conditions. The video is not designed for high-level
intellectual processing associated with scene recognition,
high-level training, generating and testing hypotheses, the
formation of problem-solving algorithms, and etc. Thick
arrows in Fig. 9 display video transmission paths while thin
arrows show the direction of transmission of commands and
vector data.
With the help of image processing systems mobile robot
show a point on a computerized digital map, which is to come,
or the reference point in the video frame in the course you
need to move.

Fig.7. QMRS Position and Navigation algorithm to select optimal route
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Fig.9. A generalized scheme of Image Processing System of Mobile Robot

Image processing of the mobile robot is going to use 3Dmodel, which can be created from any Nadir shots (shot in the
vertically downward direction) or oblique image (with an
angle to the side) Quadcopter and images from the mobile
robot, but the most detailed models combine both in a single
view. To create a 3D-map image processing system requires
hundreds of overlapping images, as shown in Fig.6.
Next, the processing of the mobile robot image builds 3D
polygon "mesh" on the basis of a dense cloud of points;
representing the surface of the object, to think about the
network, draped over the three-dimensional object. At the final
stage, the software sets the texture taken from original photos
of 3D-mesh, giving the original flat imagery a sense of depth
and volume. The collected images must be processed on a
computer to create a map.
C. Navigation and Object Detection
There are many ways for the positioning of the robot,
which can be divided into two groups: the relative and absolute
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position measurement. QMRS (Quad-helicopter Mobile
Robotic System) for positioning and navigation depends
mainly on four factors: Quadcopter thermography image, the
image of the mobile robot, 3D modeling of image processing,
as well as the creation of a digital map based on thermographic images delivered from Quadcopter.
The main problem is searching for missing persons or
movable objects in particular zones or free navigation of the
obstacle. Search of the missing in the open territory during the
day, as a rule, is not risky, in spite of the fact that the
conditions are not generally perfect; fog may show up or area
can be intentionally invisible under cover of darkness.
There is a basic and compelling approach to see through
fog, smoke, and even through the undergrowth and to "see" at
night. All items or objects warmer than absolute zero transmit
infrared radiation that can be identified by the thermal imaging
system independently from the above impedance conditions.
As living creatures (human, animal) quite often have distinctive
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body temperature than the environment, thermo-graphic
images make great utilization of the light, during the evening
and in bad/awful weather, such as rain, snow, and fog.
Human detection / vehicle from aerial photography is
challenging mainly due to the small size of the body / vehicle
as seen from an airborne platform. When properly installed and
parameters read by a good device, object and humans of
distinctive temperatures can be identified at a distance of
several kilometers. It should be noted that the potentially
dangerous "object" cannot just be a living entity, and may also
be a car or other means of transport, or possibly in the center of
the fire. Warm bodies usually are assigned thermo-grams
contrasting colors, for example all higher temperature (35 ° C)
is appeared in red.
In such cases, our proposed system offers elegant and
accurate solution, as shown in Fig.7. It is simple and effective,
in the sense that permits the controller to rapidly test any space
inside a substantial region. The system can distinguish
individuals crossing the land outskirts or to scan for individuals
passing up a great opportunity for a substantial region. The
proposed system can help to find a man trapped by fire and
smoke.
Inputs of QMRS algorithm to find the optimal path are
thermography image Quadcopter, mobile robot images, 3D
modeling of image processing, as well as the creation of a
digital map based on thermo-graphic images delivered from
Quadcopter, as shown in Fig.4 and Fig.5.
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Abstract—Over the years, researches have been focused on
different technological strategies to meet up with the increasing
demand for high quality and reliable power supply. Prominent of
these researches is electrical energy conservation and
management. The objective of this paper is to find a relationship
and equation that may relate between the demand loads and the
required capacity of a thermal power station according to the
generated power of a Photovoltaic (PV) of a farm. The resulting
equation will help to find the optimum values of power capacities
generated by the gen-set according to the generated power by the
centralized PV system that varies up and down in terms of solar
irradiance curve. An example is taken for one day of June (6 am
to 12 pm) in Baalbak-Hermel region of Lebanon.
Keywords—Photovoltaic, Economic Dispatch, Demand Load,
Thermal Power Units, Generated Power

I.

INTRODUCTION TOWARDS HYBRID POWER
GENERATION (THERMAL + PV)

The economic and environmental problems in the power
generation have received considerable attention. The
apparition of the energy crisis and the excessive increase of
the consumption have obliged production companies to
implant renewable sources. However, this production poses
many technical problems for their integration in the electric
system.

Lebanon relies essentially on oil imports as its main resource
for energy production through thermal power plants as shown
in Fig I. During the 2010 baseline year, the total fuel imports
to Lebanon (liquid gas, gasoline, gas oil, fuel oil, kerosene,
and asphalt) amount to approximately 5,768 ktoe
(5,768,269.94 toe) and are consumed in the different sectors in
Lebanon. In terms of electricity, the average available
electricity production capacity in 2009 (including imports)
was 1,500 megawatts (MW) while the average demand was
2,000–2,100 MW. The instantaneous peak demand in the
summer of 2009 was estimated at 2,450 MW. The total energy
demand in 2009 was 15,000 gigawatt-hours (GWh) although
the total produced energy (including imports) was 11,522
GWh. Accordingly; the electric energy deficit in Lebanon was
estimated to be 3,478 GWh. In addition to the deficit in
electricity supply, the Lebanese electricity sector was facing
several problems such as load shedding, technical losses, and
the aging of power plants. This situation resulted in technical
and financial impacts on customers, the Government, and the
entire economy. The Lebanese end-users were forced to rely
on diesel generators to overcome the electricity shortages.
There is currently only one PV farm in Lebanon (BRSS) with
a capacity of 1 MW and directly connected to the electricity
network. Another demonstration project of 1 MW developed
in the Zahrani Oil Installations in South Lebanon is connected
to the internal network of the Zahrani Oil Installations and
feeds the electricity network through the net-metering scheme.
The private sector could intervene to build large solar PV
farms. The realistic scenario considers that approximately 120
MW of solar installations could be done by the private sector,
with the possibility to be increased to 180 MW.
Since most regions of Lebanon offer high solar potential,
solar PV installations could be divided according to the
following approach:
•
•
•
•

Mount Lebanon: 30 to 45 MW
North and Akkar: 30 to 45 MW
South and Nabatieh: 30 to 45 MW
Bekaa and Hermel: 30 to 45 MW
II.

FIG I POWER PLANTS IN LEBANON
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ECONOMIC DISPATCH

Economic dispatch (ED) is the calculation of the lowest-cost
generation dispatch for a set of generators that is constrained
within the individual generator limits and results in a total
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generation that equals the total load plus losses [1]. The ED
calculation ignores the specific details of the network that the
generators are connected to and lumps all the network effects
into the losses and total load demand. As a result, the ED
calculation ignores the effect that the dispatch of generation
has on the loading of transmission branches or the effect it has
on bus voltages. The dispatch of generation does, in fact, have
an important effect on transmission flows, and under some
circumstances these affects need to be taken into account.
The optimal power flow (OPF), as the name implies, couples
the ED calculation with a power flow calculation [2] so that
the ED and the power flow are solved simultaneously. The
total losses of the power system are simply part of the power
flow calculation and are reflected in the loading of the
generation on the reference bus thus, there is no need to
specifically calculate the losses since they are inherently a part
of the power flow. More importantly, the ED can be
constrained to meet transmission system limits such as MW or
MVA flow limits on lines or transformers or voltage limits on
buses. The result is the generation dispatch representing the
minimum $/h total generation cost and that also solves the
power flow at that optimum.
In the ED calculation, we solve the following problem:

III. PV SYSTEM DEFINITION-COMPONENTS AND
CALCULATION

A photovoltaic power station, also known as a solar farm,
is a large-scale PV system, intended for the supply
of merchant power into the electricity grid (FIG. II, FIG. III).
The solar power source is via photovoltaic modules that
convert light directly to electricity.
PV arrays must be mounted on a stable, durable structure
that can support the array and withstand wind, rain, hail, and
corrosion over decades. These structures tilt the PV array at a
fixed angle determined by the local latitude, orientation of the
structure, and electrical load requirements. To obtain the
highest annual energy output, modules in the northern
hemisphere are pointed due south and inclined at an angle
equal to the local latitude.
Inverters are used to convert the direct current (DC)
electricity generated by solar photovoltaic modules into
alternating current (AC) electricity, which is used for local
transmission of electricity, as well as most appliances in our
homes. PV systems either have one inverter that converts the
electricity generated by all of the modules, or micro-inverters
that are attached to each individual module.

• Objective function = total generation cost in $/h.
• Each generator is within its minimum and maximum limits.
• Sum of all generator outputs = total load plus losses [3].
Objective function:
(1)
Where j is an index over the generators only.
Generator limit inequality constraints:

FIG. II SOLAR FARM

(2)
Generation, load, loss balance equality constraint:
(3)
Where Ngen is the number of generators
We can write the ED problem as follows:
(4)

(5)

and

(6)

FIG III PV SYSTEM SINGLE LINE DIAGRAM

The global formula to estimate the electricity generated in
output of a PV system is [5, 12]:
(13)
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Where,
E =Energy (kWh)
A =Total solar panel Area (m²)
r = solar panel yield or efficiency (%)
H = Annual average solar radiation on tilted panels (shadings
not included)
PR = Performance ratio, coefficient for losses (range between
0.5 and 0.9, default value = 0.75)
r is the yield of the solar panel given by the ratio : electrical
power (in kWp) of one solar panel divided by the area of one
panel. Example: the solar panel yield of a PV module of 250
Wp with an area of 1.6 m² is 15.6%.Be aware that this
nominal ratio is given for standard test conditions (STC):
radiation=1000 W/m², cell temperature=25 °C, Wind speed=1
m/s, AM=1.5.The unit of the nominal power of the PV panel
in these conditions is called "Watt-peak"
(Wp
or
kWp=1000Wp
or
MWp=1000000Wp).

FIG. IV DAILY SOLAR IRRADIANCE FOR BAALBAK-HERMEL (1ST. JUNE)

The approximation of the curve is polynomial of fourth
order. So from 6 am to 12 pm, the curve, Fig. V, is
assimilated to a convex function of second order as shown
in the figure and looks like the form of power generation
of convex function of second order.

H is the annual average solar radiation on tilted panels,
between 200 kWh/m².y (Norway) and 2600 kWh/m².y (Saudi
Arabia). You can find this global radiation value here: You
have to find the global annual irradiation incident on your PV
panels with your specific inclination (slope, tilt) and
orientation (azimuth).
PR: PR (Performance Ratio) is a very important value [6] to
evaluate the quality of a PV installation because it gives the
performance of the installation independently of the
orientation, inclination of the panel. It includes all losses.
IV. FORMULATION OF POWER GENERATED BY THE
CENTRALIZED PV SYSTEM
Solar energy is energy produced by the solar radiation, directly or
in a diffuse way through the atmosphere. Thanks to various
processes, it can be transformed into another form of useful
energy for the human activity, in particular in electricity.
Considering TABLE I of weather data from metronome
of Baalbalk during the first day of June the irradiance
(Kj/hr.m2).
TABLE I.
JUNE)
Time
G
Time
G

SOLAR RADIATION G (KJ/H.M2) FOR BAALBAK-HERMEL (1ST

6AM
9.53
1PM
2935.49

7AM
202.55
2PM
2867.6

8AM
508.47
3PM
2569.03

9AM
1217.28
4PM
2042.23

10AM
1898.49
5PM
1417.97

11AM
2433.81
6PM
702.47

12AM
2799.78

FIG. V SOLAR RADIATION OF BAALBAK-HERMEL FROM 6 AM TO 12 PM

In this case, we can combine the two systems (thermal and
PV) to reach the optimum power flow direction through
the determination of the economic dispatch of combined
system
V. CASE STUDY
Assuming a centralized PV farm station to be built in
Baalbak-Hermel region of 15 MW, and assuming that the
city is fed by two lines from utility grid power station with
maximum capacity of 70MW and from the PV farm.
And The forecasted demand load of the city is as
shown in the Fig V.

The variation is plotted with the corresponding convex
equation as function of time as shown in Fig. IV.
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As the duration is T=6h, then the equation for one hour is:
PV(x) = 0.27x2+ 4.33x - 1.31 MW

(17)

So, from equations (15) and (17), we can find the equation
and can forecast how much power we should generate by
the thermal unit where:
Pg = PLoad - PV = 0.25 X2 + 2.5214 X + 28.07 - (0.27x2+
4.33x - 1.31)
(19)
Pg= -0.02X2 -1.8 X + 29.38 MW
This is in the form of parabolic function, as shown in FIG.
VIII.

FIGURE VI THE ANALOG DAILY DEMAND LOAD OF BAALBACK CITY
TABLE II.

DEMAND LOAD (MW) FROM 6 AM TO 12 PM

Time
Sequence
Demand Load
(MW)

6-7
0

7-8
1

8-9
2

9-10
3

10-11
4

11-12
5

28

31

34

38

42

47

FIG. VIII REQUIRED THERMAL POWER GENERATION FROM 6 AM TO 12 PM

VI. DISCUSSION

FIG. VII DEMAND LOAD (MW) FROM 6 AM TO 12 PM

The equation of the demand load is approximately given
by (from curve):
PLoad = 0.25 X2 + 2.5214 X + 28.07 MW (function of
time)
(14)
The equation of energy produced by PV (between 6am
and 12 pm is:
E(x) = A * r * H(x) * Pr
Where,

(13)

H(x) = 23.29x2+ 368.2x - 111.76 Kwh/m2

(15)

A = 96,000m2 (net area of all PV arrays)
r = 98%
PR = 75%
Then,
E(x) = 1.64x2+ 25.98x - 7.88 MWh

(16)

SDIWC Conferences Copyright©2018, All Rights Reserved

Comparing FIG. VII (Demand load) with the FIG. VIII of
thermal power generation, it is clear that the curve is changed
from convex shape to concave shape which is an advantage in
terms of reducing the required power capacity from thermal
units during the first part of the day. in the second part of the
day while sunset period, the case is reversed (PV generation
decrease while load begin to decrease also. in this case the
curve of thermal units tends to be approximately constant.

VII. CONCLUSION
Reducing, or “shaving,” peak power demand, reduces strains
on the power grid. By intelligently storing electrical energy
generated by clean, renewable energy sources such as solar PV
systems. Through this paper, we could find an equation for the
demand load as function of time. This equation relates the
thermal power generation with PV generation and that gives
advantages to minimize the size of thermal power station that
feeds the city. And comparing to other authors [8,9], instead of
storing the energy, we used it in the day time with maximum
integration with power generated by thermal station (reducing
power) while at night time we increase the production of power
according to the demand which will be lower than that of day
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time. The power generation formula is derived for one part of
the day and could be mirror for the second part of the day
(12pm to 6pm) where the load decreases and PV generation
start to decrease. In the same sequence, we could find the
general formula for each region and each day of the year.

[6]

[7]

[8]
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Abstract—Contrast agent microbubbles play an important role in
ultrasound images. These agents are small and safe, and are
administered intravenously in the systemic circulation to enhance
the vascular zone of interest. The backscattered signals issued
from the agent area are not considerable enough to be
differentiated from the backscattered signals derived from the
surrounding tissues. Therefore, applying further image
processing techniques is mandatory to improve the visualization
of the contrast ultrasound images, to achieve a satisfactory
classification, and even to quantify the agent concentration in the
perfused zone. The nonlinear physical property of the agent
results in a relatively high backscattered signal with respect to
the tissue characterized by a quasi-linear response. In this paper,
a Gaussian mixture model (GMM) is used to discriminate
between the biological tissues and the contrast agent. The
efficiency of the GMM classifier is obviously consolidated if the
data distribution fits to Gaussian. Therefore, we propose to apply
a Gaussian filter as a pre-processing phase that allows the nonGaussian distribution to match slightly the Gaussian.
Consequently, Gaussian filter lends positive impact on the
quality of the image and improves the performance of the GMM
classification of the contrast-ultrasound images.
Keywords—Contrast agent, ultrasound images, classification,
segmentation, Gaussian mixture model, Gaussian filter;

I. INTRODUCTION
Ultrasound techniques have highly evolved owing to their
several advantages. Indeed, the echography scanner is simple,
safe, cost effective, and does not need heavy equipment.
Innovative technologies employed in ultrasound field such as
probes, new implemented image-processing approaches, and
the use of ultrasound contrast agents further increase the
usefulness of the ultrasound medical equipment in detecting a
large number of diseases and better visualizing organs and
blood vessels. Unfortunately, ultrasonic images are
characterized by their speckle noise due to the ultrasound
waves' interference. This major drawback is partially alleviated
using an ultrasound contrast agent formed of gas microbubbles.
The echogenicity of the microbubbles is immense in
comparison to the echogenicity of the surrounding soft tissues.
Thus gas microbubbles enhance the ultrasound reflected waves
leading to high difference aspect in the echographic images.
Despite the image quality improvement due to the contrast
agent, the post-image processing phase is still required to
upgrade the visualization of organs and blood vessels and to
perform the segmentation of the contrast images. Moreover,
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the ability to quantify the agent concentration in the circulation
could provide important information about blood perfusion and
organ blood-flow rate.
Ultrasound contrast agents are small bubbles injected
intravenously in the systemic circulation. Their small diameter
of 1-10 µm permits the passage through the pulmonary
capillaries. The microbubbles are encapsulated by a coated or
surfactant shell to prevent the agent destruction against the
high pressure in the cardiac cavities and aorta [1]. The acoustic
and physical properties such as compressibility and rigidity
influence on the behavior of the contrast agent response [2-3].
Indeed, the agent microbubbles oscillate nonlinearly by
generating harmonics, sub-harmonics and ultra-harmonics of
the incident frequency [4]. In opposition, the tissue responds
more linearly by generating dominant fundamental frequency
and negligible harmonic components of low amplitude [5-6].
For these reasons, in the contrast ultrasound images, the value
of the pixel issued from the tissue linear scatterer is low while
that issued from the agent nonlinear scatterer is relatively
tremendous. The localization of the agent with significant
quality by means of classification and segmentation techniques
boosts the physicians' ability to make the diagnosis and detect
the disease.
In this study, the contrast ultrasound image is segmented
using the Gaussian mixture model (GMM) into two classes:
contrast and tissue. The low pixel values associated with tissue
scatterers are modeled by one Gaussian, whereas the high pixel
values associated with contrast scatterers are modeled by a
second Gaussian. Thus, the more modeled distributions
correspond to Gaussian, the better the classification is.
Unfortunately, the statistical distributions of the agent and
tissue of the harmonic image do not fit Gaussian [7], but they
correspond to Rayleigh distributions [8-10] or k-distribution
functions [11-12]. To provide an efficient classification by the
GMM technique, a Gaussian filter should be applied on the
image to ensure that the statistical distributions of the two
partitions are close to Gaussian. As a result, the filtered images
classified by the GMM indicate a remarkable improvement in
quality when a Gaussian filter is applied in the preliminary
phase.
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II. GAUSSIAN MIXTURE MODEL (GMM)
The Gaussian probability density function [13] denoted by
x, μ , σ is characterized by its mean μx and its variance
σ as shown in equation (1)
f x =

1
√2π σ

exp −

x− μ
2σ

(1)

The Gaussian mixture model (GMM) combines many
density functions possessing different parameters and linearly
scaled by wi weights (2)
F =

w

i

x, μx , σ2x

(2)

A problem resides in the choice of the optimal size G of the
mixture to obtain a better classification. The statistical studies
of the contrast ultrasound images indicate the presence of two
distribution categories: low values for tissue and relative high
values for agent. Based on this property, we propose to
implement a GMM model formed of two Gaussians
T, μ , σ and
A, μ , σ in order to model the pixels
distributions of the tissue and the agent, respectively. The
subscript indices T and A represent the tissue and the agent,
respectively. Indeed, the tissue pixels distribution yields a low
mean μT and a small variance σ since the tissue scatterers'
response is linear and relatively homogeneous. While for the
agent distribution, the mean μA is large since the agent's
scatterers are nonlinear and characterized by high reflectivity
[14]. Moreover, the dissolution of the agent in the blood is nonhomogeneous so that the scatterers' position is randomly
localized, which leads to a high variance value σ .
A. Gaussian Filter
The Gaussian filter is a non-uniform low pass filter where
the central coefficients have a higher weighting than those on
the periphery. The farther away the neighbor pixels are, the
smaller the weight is. The Gaussian filter realizes an effective
smoothing of the image. Based on the central limit theorem,
the outcome image of a Gaussian filter has quite a Gaussian
distribution [13]. The GMM classifies contrast and tissue
distributions by identifying the corresponding Gaussian to each
distribution. A perfect classification is accomplished if the two
distributions fit well Gaussians and the overlapped area
between them is disregarded. However, many studies have
shown that the distributions of the contrast harmonic images
conform to Rayleigh [8-10] or k-distribution functions [11-12].
Thus, it is substantial to apply the Gaussian filter on the image
to promote the efficiency of the GMM classifier.
Quantitatively, the Goodness-Of-Fit (GOFT) parameter [14] is
used to confirm that the fitting-to-Gaussian of each distribution
is improved when applying Gaussian filter.
Algorithm Procedure
The algorithm is composed of two subroutines: the
Gaussian filter and the GMM technique. The first step applies
the Gaussian filter on the contrast ultrasound harmonic mode
image to guarantee that the distributions of agent and tissues
are close to Gaussian. So at this stage, they can be easily
modeled and efficiently represented by two different
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Gaussians. In the second subroutine, the GMM is implemented
starting by an initial phase where the values of the parameters
of the two Gaussians (μT, μA, σ , and σ ) are determined
based on the statistics of the image pixels using a threshold
algorithm. In fact, the filtered-image pixels are configured into
two categories: higher or lower than the threshold value.
Then, for each category the computed mean and variance are
set as initial parameters of the mixture model. Progressively,
the image pixels are iteratively classified by GMM using
maximum likelihood criteria. Indeed, at a given iteration, the
statistical parameters (mean and variance) for each class of
pixels are assigned as the new parameters of the GMM model
in the next iteration. Thereby, the pixels are addressed to the
updated contrast and tissue Gaussians. The program is stopped
when the GMM recognizes the image complexity and feature.
The number of pixels alternating their classes could be used as
the stopping criteria.
III. EXPERIMENTAL SETUP
The experimental set-up consists of a water reservoir, a
mechanical flow regulator and a non-recirculating Doppler
flow phantom (ATS laboratories) containing a tube vessel of 4
mm diameter.

Fig. 1. Experimental mechanism.

The tube is localized at 2 cm depth as the experimental
disposition shows in Fig. 1. The Sonovue (Bracco research,
Geneva) contrast agent is dissolved in a liquid with a dilution
factor of 1/1000. The ultrasound waves are emitted by the
VF13-5 probe connected to Siemens scanner that operates in
User Research Interface mode. The data acquisition is realized
at a transmitted frequency of 4 MHz in harmonic mode. The
experimental objective is to differentiate the tissue from the
contrast agent and to delimit the tube boundary representing
and modeling the blood vessel.
IV. RESULTS
A. Preliminary study
Based on the physical and acoustic characteristics of the
contrast agent and the nonlinear behavior of its backscattered
signal, the corresponding mean μA and variance σ values
should be higher than those of the tissue. To consolidate the
consequences of the theoretical outcomes, we propose to
perform statistical studies for the images using histogram
diagrams. In addition, our assumption is validated by
computing the statistical parameters as mean and variance of
both tissue and agent regions. The histograms in Fig. 2
depicted, at the same scale show obviously that the
classification is feasible in spite of the minor overlapping area
between these two distributions.
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Fig. 2. Tissue (a) and agent (b) statistical distributions of the harmonic image
displayed at the same scale. The agent mean and variance are greater than
their corresponding tissue mean and variance.

Quantitatively, the tissue and agent mean values, μT and
μA, are 4.7 and 30, respectively. These values validate the fact
that the agent’s backscattered signal is higher than the tissue's
backscattered signal due to the agent large reflectivity. As for
the variances, σ is very high and attains 301 expressing the
nonlinear feature of the agent, whereas σ has a value of 7
indicating the homogeneity of the tissue and its linear response.
Therefore, the two distributions have low overlapping area,
which confirms our assumption to classify the ultrasound
images using Gaussian mixture model.
B. Gaussian Filter Effect
Gaussian filter achieves an effective smoothness of the
image where the resultant filtered image owns characteristic
distributions close to Gaussian. To study the impact of the
Gaussian filter on the harmonic mode image, we investigate
the modifications that happen on the distributions of the
filtered image. The upper images in Fig. 3 illustrate the
histogram diagrams of the tissue (Fig. 3a) and the agent (Fig.
3b) of the harmonic mode image, while bottom images show
the histogram diagrams of the tissue (Fig. 3c) and the agent
(Fig. 3d) of the filtered harmonic mode image.
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C. Quantitative Results
The full detection of the agent in the ultrasound image is
achieved by smoothing the image by Gaussian filter followed
by GMM classification. To compare the performance of the
proposed technique, quantitative parameters are implemented
and evaluated, as Fisher criterion, ATR parameter and GOFT
measurement. GOFT measurement [15] is used to evaluate
quantitatively the fitting-to-Gaussian assumption.
Table I. GOFT values associated to tissue and contrast distributions obtained
from the harmonic image and the filtered image.
GOFT
Tissue
Agent

Harmonic mode
1.26
1.47

Filtered harmonic mode
1.25
1.23

GOFT measurement is calculated as the normalized least
mean square error between the best Gaussian function that fits
the histogram bins and the interpolation function constituted by
bins center. As shown in Table I, the GOFT value decreases for
both the agent and tissue distributions, but it is more significant
for the agent. GOFT values demonstrate the influence of the
Gaussian filter on the image and confirm the correspondence of
the filtered distributions to Gaussians.
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It is to be noted that Fig .3a is similar to the image in Fig.
2a but the scale of the tissue region is zoomed in order to
visualize well the Gaussian curve on the histogram bins. Many
important conclusions can be derived from these histograms.
First, the variances of the distributions decrease progressively
which lead to an overlap reduction and thereby increases the
capability of classification. In fact, the agent (resp. tissue)
variance decreases from 301 to 72 (resp. 7 to 1) while the
means are slightly modified. Hence, an enhancement of the
differentiation between contrast and tissue is achieved and the
feasibility of an effective classification is easily managed.
Furthermore, the histograms of the tissue and agent of the
filtered image (Fig. 3c & 3d) are characterized by a higher
degree of fitness to Gaussian with respect to non-filtered image
(Fig. 3a & 3b).
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On the other hand, Fisher (3) and ATR (4) parameters
evaluate the effectiveness of the applied techniques by
comparing the performance between different images. They are
calculated generally by means of two identical windows
localized in tissue and agent regions respectively, and disposed
at the same depth in order to endure the same depth damping
effects. Since this configuration is a bit difficult for the tissue
in the tested image, we propose to introduce two windows
disposed over and under contrast region and the computed
average result is utilized.
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(c) Histogram of the tissue
distribution associated with the
filtered harmonic mode image.
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(d) Histogram of the agent
distribution associated with the
filtered harmonic mode image.

Fig. 3. Statistical distributions for the harmonic mode image (up) and the
images after filtering (bottom). The distributions variances decreases and the
overlapping is reduced leading to more classification capability.
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Fisher criterion [16] is a statistical parameter based on the
mean and standard deviation values. It demonstrates the
classification feasibility and gives an idea about the
overlapping between the contrast and tissue zones. The
classification is better when the Fisher criterion is around 1 or
greater.
FISHER =

|μ − μ |
σ + σ

(3)
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The superscript index w indicates that the parameters μ and
σ are calculated according to the windows values.

a

b

On the other hand, the Agent to Tissue Ratio (ATR), which
is similar to signal to noise ratio in signal processing domain, is
frequently used in the ultrasound imaging to compare the
methods' efficiency [17]. The greater the ATR value the better
the performance of the image.
ATR = 20 log

μ
μ

(4)

Fisher and ATR parameters are computed for both
harmonic mode images before and after filtering. The
numerical values are depicted in Table II.
Table II. Values of ATR factor and Fisher criterion for the harmonic mode
and the filtered image.

Harmonic mode
Filtered harmonic mode

ATR parameter
15.52 dB
15.42 dB

Fisher criterion
1.32
2.94

ATR parameter conserves almost the same value where a
slight decrease of 0.1 dB (0.67%), considered as negligible, is
observed. In contrast, our approach yields a better Fisher
parameter value that increases to reach 2.94. Fisher value
proves that the classification becomes better and the
differentiation between contrast agent and tissue is improved.
The variations of ATR and Fisher parameters are justified since
these parameters are directly related to the means and
variances. In fact, the tissue and agent variances decrease
simultaneously but the decrease of the agent variance is more
apparent.
D. Graphical results
Applying the Gaussian filter to the harmonic mode image
results in a change of the statistical features and a modification
of the performance values as seen in the previous section. Fig.
4 obviously shows that an improvement in the image
visualization is fulfilled after filtering.
a

b

Fig. 4. Classification of the filtered harmonic mode image using GMM
during the first (a) and the second (b) iterations. It is clear how the contrast
region is delimited gradually.

The iterative procedure of the GMM permits to arrange
gradually the distributions and to assign the pixels to their
appropriate fitting Gaussians. In addition, it allows a
progressive localization of the contrast zone and a clear
determination of the separation contour. The strong
observation extracted from the GMM classifier is that only two
executed iterations are sufficient and adequate. The
performance of the classification is exceedingly perfect where
an evident differentiation between agent and tissue is attained.
However, to obviously outline the effectiveness of the
Gaussian filter in the first phase of the algorithm, the Gaussian
mixture model is applied directly on the harmonic mode image.
The first two iterations of the classified images shown in Fig. 6
reveal a poor performance and a very noisy disturbed
classification. Thus, the discrimination between agent and
tissue is quite difficult.
a

b

Fig. 5. Classification of the harmonic mode image using GMM during the
first (a) and the second (b) iterations. The classification is very noisy and its
performance is not satisfying.

These results validate our proposition to use Gaussian filter
in a preliminary step in order to improve GMM classification
and to obtain a significant segmentation between the agent and
tissues.
V. CONCLUSION AND DISCUSSION

Harmonic mode image (a) and the one filtered (b) by a
Gaussian filter. It is clear that Gaussian filter smoothes the
image and permits to delimit gradually the two zones.
In the harmonic mode image (Fig. 4a), the contrast agent
zone is not clear enough because the agent concentration in the
circulation is not isotropic, while in the filtered image (Fig.
4b), the contrast agent zone is smoothed and it becomes more
delimited and visibly localized.
The filtered image classified using Gaussian mixture model
is shown in Fig. 5 for the first two iterations.
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In this paper, we have proposed a new classification
technique based on Gaussian mixture model in order to
distinguish the agent from the tissue in the ultrasound contrast
images. The main idea behind this approach consists of
modeling the tissue and agent distributions by Gaussian
functions. To enhance the performance classification by GMM,
the image is smoothed by Gaussian filter that promotes the
correspondence of the distributions to Gaussians. The
validation of our approach and the attainable improvement is
perceived using three parameters: GOFT measurement, ATR
value, and Fisher criterion. Moreover, a good discrimination
between tissue and perfused zones is obtained even during a
low number of iterations. We think that the use of GMM based
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on many Gaussian functions may lead to contrast agent image
quantification and this constitutes our future perspectives.
This completed study is managed on in-vitro images.
Similar results are obtained for different tube vessel diameters
and for various contrast agent concentrations. Our future aim is
to manipulate our proposed technique in in-vivo images in
order to study, analyze and examine the method efficiency.
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Abstract—This paper presents the design of a fourquadrant analog CMOS multiplier for neural network
applications. The input range is 100% of the power
supply voltage. The circuit has been designed and tested
in Cadence Virtuoso environment with the HCMOS9A
(ST Microelectronics) 130-nm technology. In this type of
multiplier, there are two voltage inputs and a single ended
current output. The power supply is  0.9 V, and the
power dissipation is approximately about 4 μW.

II. CURRENT EQUATIONS OF DIFFERENTIAL AMPLIFIERS
In the proposed design depicted in Fig. 1, the multiplier is
based on the equation iout= √𝛽𝐼0 𝑣i where Io and vi are
respectively the biasing current and input of the pair [8].

Keywords— Signal Processing, Analog Multiplier, Neural
Network;

I. INTRODUCTION
The multiplier is an important block in neural networks
especially if it is implemented in analog CMOS circuits [1].
Depending on the transistor biasing, i.e. linear or saturation
region, weak or strong inversion, subthreshold region, many
topologies are available to realize such a circuit [2]. The main
features of a multiplier are the linearity and the bandwidth
[2]. So, we can propose different designs of multipliers based
on the mathematical equations and depending on different
combinations of voltage and current for inputs and output [3].

Fig. 1. Differential pair amplifier.

Simple calculation shows that
iout=iD1-iD2= √𝛽𝐼0 𝑣𝑖 √1 −

𝛽𝑣𝑖2
4𝐼0

(1)

However, this type of multiplier offers a differential
output voltage with a tiny range of linearity [4].

4𝐼0

(2)

iout is linear with vi (cf. Fig. 2) if

For example, according to the equation (1) we can design
a four-quadrant analog CMOS multiplier. In this structure,
the inputs and output are voltages.
V0= [(V1+V2)2-(V1-V2)2] = 4V1V2

𝛽𝑣𝑖2

(4)

≪ 1, i.e. √

2𝐼0
𝛽

< 𝑣𝑖 < √

2𝐼0
𝛽

(3)

then, relation (2) becomes iout= √𝛽𝐼0 𝑣 i

Another method is based on square-law approximation
relation of the saturated MOS transistor between drain current
and gate voltage. In this type of circuit, and we cannot benefit
from the whole power supply range [5]. Sawigun proposed a
four-quadrant multiplier with a power supply of 1.5 V but
with relatively high power dissipation of about 290 μW [6].
In this paper, we propose to design a wide range analog
CMOS multiplier which exhibits very low power
consumption. One of the input voltages of this multiplier will
correspond to the weight, Vw, used in the Artificial Neural
Network (AAN) algorithm for cancer detection and
classification [7]. The other input corresponds to the biopsy
image we have to process.
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Fig. 2. Output current versus differential input voltage.
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III. CMOS DIFFERENTIAL AMPLIFIER WITH ACTIVE LOAD
A single-ended output differential amplifier can be
implemented by loading a PMOS current mirror on the top of
the circuit of Fig. 1 to achieve figure below (cf. Fig. 3). Iout
flows in the load (not shown).
Thus, the first input for the multiplier is the differential
voltage vi= v1 -v2 (where we have there a small range e.g.
[0,100 mV] that we can use as the cancer input value [7]).
The other input is the weight Vw. The circuit, depicted in
Fig. 4, generates a bias current I0 proportional to 𝑉𝑤2 . Thus,
and based on equation (4), Iout will be proportional to the
product 𝑣𝑖 𝑉𝑤 . A simple current mirror realizes this function.
Thanks to the AAN algorithm, Vw has a range dynamic,
chosen to 100% of the power supply.

Fig. 5. Multiplier Block diagram.

IV. MULTIPLIER BLOCK DIAGRAM
Fig. 5 depicts the block diagram of the multiplier. First,
the differential inputs of the weight (Vw+ and Vw) generate a
current which is proportional to the square value in order to
assume a wide dynamic range. Vinput represents the cancer
input value. The transistor level implementation of this circuit
is illustrated in Fig. 6 and the dimensions are listed in Table
1.

TABLE 1: DIMENSION OF THE TRANSISTORS OF FIG. 6.
Transistor

Type

Width (nm)

M1

NMOS

150

Length (um)
10

M2

NMOS

150

1.6

M3

NMOS

580

6

M4

NMOS

300

2.2

M5

NMOS

300

2.2

M6

PMOS

180

3

M7

PMOS

500

0.5

M8

PMOS

640

0.9

M9

NMOS

500

1

M10

NMOS

150

0.16

M11

NMOS

300

2.2

M12

NMOS

300

2.2

M13

PMOS

150

0.45

M14

PMOS

150

0.45

V. DC ANALYSIS
Fig. 3. Single-ended output differential amplifier.

To measure Iout, a 1 k resistor is connected between the
output Iout of Fig. 6 and ground. Fig. 7 shows Iout DC vs. vi
with Vw as parameter. vi ranges from -100 mV to + 100 mV,
and Vw from -900 mV to +900 mV. As it can be seen in this
figure, we have a tiny linearity range between Iout and vi.√𝐼0 .
So, we can use the first input for the multiplier, and in our
case the cancer input, where it changes between 0 and 1,
corresponding to 0 and 100 mV [7]. The second input is the
weight [7] through the circuit of Fig. 4.
Fig. 8 shows the linearity of Iout in function of Vw for Vw
between -900 mV and +900 mV with vi as parameter that
ranges from -100 mV to +100 mV.
Comparison with ideal linear lines shows a maximum
error of 10.83 %. The comparison with ideal linear lines using
MATLAB or Excel shows a maximum error of 4.37 %.

Fig. 4. Quadratic relation circuit.
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Fig. 6. Schematic of the multiplier

VI. TRANSIENT ANALYSIS AND POWER CONSUMPTION
The transient analysis has been performed for an
amplitude of Vw of 900 mV and a frequency of 1 MHz, while
vi has an amplitude of 100 mV and a frequency of 100 kHz.
The result is shown in Fig. 9. Fig. 10 shows the results after
swapping the frequencies. Discrete Fourier Transforms of the
Fig 9 and 10 are shown in Fig. 11a & b respectively.
The results will be applied to the system built in [7] to
verify its validity.

Fig. 7.
Linearity of Iout versus vi for -0.1 < vi < 0.1 V with different
values of Vw (-0.9 < Vw < 0.9V).

Fig. 9. Vw (lowermost graph, 900 mV, 1 MHz), vi (middle graph, 100
mV, 100 kHz) and Iout (uppermost graph) in transient analysis.

Fig. 8.
Linearity of Iout versus Vw; for -0.9 < Vw < 0.9 V and different
values of vi (-0.1 < vi < 0.1V).

SDIWC Conferences Copyright©2018, All Rights Reserved

108

International Journal of Digital Information and Wireless Communications (IJDIWC) 8(2): 106-109
The Society of Digital Information and Wireless Communications, 2018 ISSN: 2225-658X (Online); ISSN 2412-6551 (Print)

Fig. 11. AC analysis result. The current remains constant for frequencies
up to 1 MHz.
Fig. 10. Vw (lowermost graph, 900 mV, 100 kHz), vi (middle graph, 100
mV, 1 MHz) and Iout (uppermost graph) in transient analysis.

(a)

VIII. CONCLUSION:
We have presented the design of a CMOS multiplier. The
main advantages for this multiplier are a wide range input to
benefit from the full power supply, and elimination of the
adder block if we want to use it in neural network. The
frequency ranges up to 1 MHz which is acceptable for our
application.
In future work, the results will be validated then the circuit
will be integrated in neural network for breast cancer
detection application.
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Simulation showed that the power consumption doesn’t
exceed 4 W.

SDIWC Conferences Copyright©2018, All Rights Reserved

109

International Journal of Digital Information and Wireless Communications (IJDIWC) 8(2): 110-117
The Society of Digital Information and Wireless Communications, 2018 ISSN: 2225-658X (Online); ISSN 2412-6551 (Print)

Combined DCT-Haar Transforms for Image
Compression
Mireille Saliba, Rachelle Farah, Issam Dagher
University of Balamand
Koura, Lebanon
mireille.f.saliba@gmail.com
rachellefarah2009@hotmail.com
dagheri@balamand.edu.lb
Abstract—Discrete Cosine Transform (DCT) and Haar
wavelet transform are very important transforms in image
compression. While DCT works extremely well for highly
correlated data, the Haar transform gives superior results for
images exhibiting rapid gradient variations. The objective of this
paper is to combine the advantages of these 2 transforms into one
transform in order to get better peak-signal-to-noise-ratio
(PSNR) while keeping good compression ratio. Following the
JPEG, our first approach was to apply separately on each 8x8
block the Haar and the DCT transforms. A signaling bit along
the transform that gave better PSNR is transmitted. This
approach gave better PSNR than each one separately. Our
second approach was to construct a new hybrid transform which
is a combination of these 2 transforms. We mixed both DCT and
Haar transforms into one transform. We derived the new
transform coding formulas. We applied our hybrid transform on
each block obtained. Results show that our approach
outperforms the existing DCT and Haar methods, keeps good
quality of the image even for high compression ratios, gives a
higher PSNR than DCT for the same compression ratio, and
permits better edge recovery than the Haar transform.
Keywords—: Image compression, DCT, Haar, Wavelet, hybrid.

I.

INTRODUCTION

Image compression is an efficient technique of reducing the
size of data representing an image that is highly correlated. The
purpose of image compression is to save memory and
transmission time [1]. There are different methods in which
image can be compressed. One of the most common
compressed graphic image formats is the JPEG format which is
based on the Discrete Cosine Transform (DCT) [2]. Another
most commonly transform used in image compression is the
Wavelet transform. One of the simplest wavelet is the Haar
wavelet. It is based on doing average and difference operations
on the image intensity values [3]. Note that JPEG applies DCT
with a zigzag quantization that makes the compression visually
lossless. JPEG 2000 [4] uses the Wavelet Transform in their
compression scheme. DCT is well suited for highly correlated
data. It does a kind of de-correlation [5] for those data and has
the property of energy compactness. Energy compactness
means that DCT tries to concentrate energy or information in
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some elements of the block instead of spreading it in the whole
block. This helps in increasing the compression since we are
only interested in the elements that contain the maximum
energy needed. On the other hand, the Haar transform [6]
works well for high frequencies and achieves a high
compression ratio while maintaining the quality of the image. It
is very well performant for images that have rapid gradient
variations. Combining DCT and DWT was done in [7] and [8]
by applying the discrete cosine transform on the discrete
wavelet transform coefficients. In [9] Hybrid matrices are
generated using a combination of various matrices like DCT,
Hadamard and Kekre’s Transform.
II. A HYBRID DCT-HAAR BLOCK COMPRESSION
A. Method Concept
DCT and Haar are well known and used compression
transformations especially in the well-known JPEG
compression. Our method is based on combining both of them.
It will achieve a better peak signal to noise ratio PSNR while
keeping a good compression ratio.
The method consists of the following steps:
• Dividing the image into 8x8 blocks
• Computing the DCT and Haar transforms for each block
• Applying a certain quantization
• Computing the inverse transform of each result
• Getting the PSNR of both results
• Sending the block with the highest PSNR
• Sending a signaling bit indicating the type of the
transform (DCT or Haar).
This process is illustrated in Fig 1.

Fig. 1. Process description from sender
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It can be seen that a part of the receiver’s job is available in the
sender process. Once the receiver gets the block, it does the
corresponding inverse transform based on the signaling bit
received.
For illustration, consider the block of Fig. 2.

2) Haar quantization:
After applying the Haar transform, the values that are less
than a threshold α are zeroed. The remaining values are kept.
An illustration is shown in Fig. 4.

Fig. 4. Haar quantization

Fig. 2. Process illustration

Fig. 2 represents as well the recovered blocks via the DCT and
Haar transforms. PSNR of the DCT block is higher. This
indicates that DCT gives a better recovery for this block.
Therefore, the quantized DCT transform of the original block
must be sent to the receiver. It is accompanied by a signaling
bit to indicate the DCT transform.
B. Energy compactness and Quantization
Energy compactness and quantization (or simply in this
paper we call it quantization) is used to take the useful
information from the 8x8 block. The remaining information is
put to zero in order not to be sent to the receiver. Quantization
is applied differently on DCT and Haar blocks.
1) DCT quantization:
The DCT transform concentrates the low frequencies that
contain useful information in the upper left corner of the
block. DCT quantization consists on keeping the low
frequencies and zeroing the other entries. Therefore, in 8x8
blocks, mxm sub-block in the upper left corner of the block is
kept while the other entries are put to zero. An illustration is
shown in Fig. 3.

C. Compression Ratio
After applying the quantization, the compression ratio
must be calculated to see the efficiency of the algorithm. To
do a fair comparison between the different algorithms, we
have calculated it in the following manner for an 8-bit
monochrome image. For the DCT blocks, the number of zero
elements must be counted and multiplied by 8. Then the
number of the DCT blocks must be subtracted from the result.
This is done because a signaling bit is sent to tell the nature of
the transform applied to the block.
The same is applied for the Haar transform. In addition, for
non-zero elements, their place in the block should be sent so
that the receiver knows where to place the entry. Therefore, 6
additional bits are needed to specify the row and column of
each non-zero entry. In fact, we have 8 rows, so 3 bits are
needed to encode the row number. The same applies for the
column. Therefore, the product of 6 and the number of nonzero elements should be subtracted from the previous result. A
diagram of the process is shown in Fig. 5.

Fig. 5. Compression ratio calculation

The values obtained from DCT and Haar blocks should be
added. Let R be the result. The compression ratio will be as
shown in (1).
Fig. 3. DCT quantization
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CR=

R
8* number of pixels in the image

(1)

D. Simulation and Results
To validate our proposed methods, we used a set of 4
greyscale images: Barbara, Boat, Peppers and Lena that are
represented respectively in Fig. 6. The size of each image is
512x512.
Fig. 8. Relation between m and CR

Fig. 6. Images used

In order to compare our method to the Haar transform,
different values for the parameter α are used and the PSNR
value for each α is calculated. For the DCT blocks chosen in
our method, m is set to 4. Plots of α versus PSNR values for
different images are shown in Fig. 9.

The efficiency of our method is tested in this section. It must
be compared to the DCT and Haar transforms applied on 8x8
blocks using the same quantization method.
In order to compare our method with the DCT transform,
different values for the parameter m are used and the PSNR
value for each m is calculated. For the Haar blocks chosen in
our method, α is set to 15. Plots of m versus PSNR values for
different images are shown in Fig. 7.

Fig. 9. Haar threshold α vs PSNR for different images using haar and our
method

Fig. 7. DCT parameter m vs PSNR for different images using DCT and our
method

It is clear that our method gives a higher PSNR than Haar for
the same value of α for those images especially when there is
more compression. In fact a large value of α means that a
bigger portion of the block is set to zero i.e. more compression
is involved and thus a smaller PSNR value.
Fig.10 shows the relation between α and the CR for the Boat
image.

It is clear that our method gives a higher PSNR than DCT for
the same value of m for those images especially when there is
more compression. In fact a small value of m means that a
bigger portion of the block is set to zero i.e. more compression
is involved. More compression means a smaller PSNR value.
The relation between m and the compression ratio (CR) for the
Boat image is shown in Fig. 8.
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Fig. 10. Relation between α and CR

Fig. 12. Error images after applying haar and our method

The results show that our method outperforms the DCT and
Haar transforms for those four images. In addition, for the
Barbara image where there are a lot of high frequencies due to
the big number of edges, it is clear that our method has a
better recovery than DCT and Haar.
To investigate more, DCT and our method are applied for the
4 images for the same compression ratio as shown in Fig. 11.

The error reflects the ability to recover the images’ edges.
Therefore, our method gives a better PSNR than DCT and
better edge recovery than Haar.
In order to see the
performance of our method, the thresholds α of Haar and m of
DCT are varied. This is accompanied by presenting the
percentage of the sent DCT blocks for the Pepper image.
Results are shown in Table I.
TABLE I. VARIATION OF α AND M FOR PEPPER IMAGE
Threshold
α 5
15
25
35
for
Haar
blocks
m=3 (for DCT blocks)
Percentage of
3.271484
68.79883
80.98145
86.25488
DCT blocks
Compression
40.81726
71.31433
74.52049
75.40245
ratio (%)
PSNR (dB)
41.97367
35.67078
34.15795
33.32225
m=4 (for DCT blocks)
Percentage of
7.446289
79.1748
88.5498
92.38281
DCT blocks
Compression
39.48746
60.32076
62.00457
62.18891
ratio (%)
PSNR (dB)
42.00663
36.29016
35.11305
34.56648
m=6 (for DCT blocks)
Percentage of
DCT blocks
Compression
ratio (%)
PSNR (dB)

Fig. 11. Relation vs hybrid block method

Fig.11shows that our method gives a PSNR better than that of
DCT for the same compression ratio. Applying Haar and our
method for the same compression ratio as illustrated in Fig.12
shows that the error of recovery via the Haar transform in all
images is bigger than the error produced from our method.
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25.24414

92.84668

96.99707

97.90039

28.40385
42.3059

25.55332
38.3067

24.9011
37.9219

24.56732
37.809

Table I. shows that for any value of m, increasing α leads to
more compression. However, for the same α increasing m
leads to less compression. Compression ratio and PSNR are
inversely proportional. In fact, increasing the compression
leads to a sacrifice in the image quality. The percentage of the
DCT blocks taken is affected by the values of α and m.
Increasing α for a fixed m leads to take more DCT blocks
because big values of α lead to a high compression and low
PSNR for Haar blocks. This makes the sender choose more
DCT blocks. For a fixed value of α, decreasing m leads to
choosing more Haar blocks. This can be explained in the same
manner as before. Overall, examining the values of the table
can help in choosing the best α and m to be applied in the
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algorithm. For α=15 and m=4, the compression ratio is
acceptable and the PSNR value indicates a good quality of the
image. Therefore, those values (for 8x8 blocks) are chosen to
be applied in the compression algorithm of our method.

Where

(O) is the vectorized version of O ,
( ) is the vectorized version of ,
M is a 64x64 matrix to be determined.
M can be expressed in terms of the Haar or the DCT bases. It
can represent 4 cases as shown in Fig. 14.

III. A HYBRID DCT-HAAR TRANSFORM
A. Motivation
The previous Section was mainly about sending DCT
or Haar blocks based on the better PSNR value. A natural
extension of this method is to combine these 2 transforms in
one block. This method permits to omit the additional
signaling bits sent to the receiver which leads to more
compression. Taking advantage of the energy compactness
property of DCT and the efficiency of the Haar transform, we
suggest a process where a hybrid DCT-Haar block is used.
The way this block is formed is illustrated in Fig. 13.

Fig. 14. Nature of the matrix M

If A is a full DCT block, then M will be in terms of the DCT
basis. If A is a full Haar block, then M will be in terms of the
Haar basis. In our case, A is a mixture of DCT and Haar.
Therefore, M should be in terms of both the DCT and Haar
bases. Note that M is of size n2xn2 for an nxn block and that
the way M is calculated permits it to be generic i.e. it can be
applicable to any transform or combination of transforms
having the form of (2).
1) Generation of the M matrix for DCT or Haar blocks
Before starting to generate M, let us consider the
following simple example of Fig. 15. It consists of finding the
matrix A given the values of B and O.

Fig. 13. The hybrid block

The process consists of the following steps:
• Dividing the image into 8x8 blocks
• Computing the DCT and Haar transforms for each block
based on (2)
O = BABT

(2)

Where A is the 8x8 original block,
B is the 8x8 DCT or Haar basis
O is the 8x8 DCT or Haar block.
• Applying quantization as explained in Section II.
Basically the DCT parameter m will be set to 4 and the
Haar threshold α will be set to 15.
• Combining the two transforms in one block as follows:
the upper left 4x4 sub block is formed by taking the upper
left 4x4 sub block of the DCT result obtained in the
previous step. The remaining entries are taken from the
Haar block as indicated in Fig. 13. Then the block is sent.
• Block recovery at the receiver side.
B. Computing the DCT and Haar Transforms
DCT and Haar transforms are computed by applying
(2). Equation (2) is equivalent to an equation of the following
form:
(3)
(O)=M( )
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Fig. 15. Simple example

Expanding the system of Fig. 15 leads to what is shown in Fig
16.

Fig. 16. Simple example (continued)
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Fig. 15 and Fig. 16 show how we can transform (2) to (3) for
A being a 2x2 block and B and O being any 2 matrices. The
same applies for any nxn block. In our case A is an 8x8 block.
In order to get the general formula of M for any nxn block, a
general form of A and B are taken. The results appear in Fig.
17 and Fig. 18.ssssssssssssssssssssssssssssssssssssssssssssssss.

Fig. 19. Algorithm for generating the M matrix

2) Generation of the M matrix for mixed blocks
The receiver has the value of the block O and it knows the
DCT and Haar bases. Therefore, it can generate their
corresponding M matrices as explained in 1). Let the M DCT
matrix be denoted by MD and the M Haar matrix be denoted
by MH. The next step is to build the M of the mixed block
based on the 2 previous M matrices. In fact, (3) can be
illustrated in Fig. 20. Any pixel (oij)k is a linear combination of
the kth row of M and (A) as shown in Fig. 20.

Fig. 17. Matrix M for an 8x8 block

Fig. 20. Transforms’ mechanisms

Fig. 18. Some sub-matrices of M for an 8x8 block

Fig. 18 shows some submatrices of the matrix M. The other
sub matrices can be constructed in the same manner because
there is a repeated pattern. A feasible code to construct M is
presented in Fig. 19.
To construct an M matrix based on the DCT basis, the bij
entries of M should be replaced by their corresponding values
of the DCT basis for 8x8 blocks. If M represents the Haar
transform, the bij entries of M should be replaced by their
corresponding values of the Haar basis for 8x8 blocks. Finding
the M values for mixed blocks is treated in the next
subsection.
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If (oij)k came from the DCT transform, then its value is the
product of the kth row of MD and (A). If not, then its value is
the product of the kth row of MH and (A). Therefore, M of the
mixed block is built by the mixture of MD and MH rows.
C. Quantization
Quantization is done as explained in Section II with m = 4
and α=15. In addition, in this case another thing should be
taken into consideration: the size of the upper left DCT sub
block. We mentioned in the beginning of this chapter that the
upper left 4x4 sub block of each block will be taken as DCT
and the rest of the block as Haar. The reason is shown in Table
II.
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TABLE II. IMPACT OF THE VARIATION OF OF THE DCT SUB BLOCK SIZE ON
THE COMPRESSION RATIO AND PSNR
Size of DCT
3x3
4x4
5x5
6x6
sub block
Lena Image

Compression
ratio (%)
PSNR (dB)

76.4123

68.7232

70.1612

71.6879

34.8741

36.6782

30.5713

23.3771

55.4782

59.3341

63.8529

35.5292

21.5082

11.7197

Barbara Image

Compression
ratio (%)
PSNR (dB)

60.7033
34.0869

Boat Image

Compression
ratio (%)
PSNR (dB)

72.273

65.5966

67.7422

70.0052

33.5006

35.0028

26.9464

19.837

Peppers Image

Compression
ratio (%)
PSNR (dB)

78.0358

69.8621

71.1138

72.3528

34.2833

35.8588

29.0484

23.0514
Fig. 21. Comparison between Hybrid transform and Hybrid block transform

Table II groups the compression ratio and the PSNR
obtained after applying the algorithm on the 4 images and
varying the size of the DCT sub-block.
It can be seen that for the 4 images, the 4x4 sub-block always
gives the highest PSNR with a good compression ratio.
Therefore a 4x4 DCT sub-block will be used for the rest of
this section. Table II reveals that for high compression ratios
the PSNR can be good or low depending on the size of the
DCT sub-block. In fact, if the majority of the block is taken as
DCT, the PSNR is low (5x5 or 6x6 DCT sub block). This
reflects the strength of the Haar transform that must be used
along with DCT in JPEG.

It is very clear that taking the image on the pixel level or
micro level results in a better PSNR for the same compression
ratio. Another comparison between our method and the DCT
transform is shown in Fig. 22. The threshold a of the Haar
transform is set to 15.

D. Block Recovery
If M is invertible, then M-1 is used to get . There is
nothing that guarantees the invertibility of M. Therefore, we
can get by getting the pseudo inverse of M or simply the
transpose of M and multiplying the answer by O as shown in
(4).
=M

(O)

(4)

Then
should be arranged correctly to get the 8x8
recovered block .
E. Compression Ratio
The compression ratio in this case depends only on the
non-zero values sent per block. There are no additional
signaling bits indicating the type of the block as in Section II.
F. Experimental Results
In order to assess the performance of treating differently
the pixels of the same block versus the method proposed in
Section II, the two algorithms are tested and compared for the
4 images. To make a fair comparison 8x8 blocks are taken, m
is set to 4 and the threshold a of the Haar transform varies in
the same manner for both methods. The results are shown in
Fig. 21.
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Fig. 22. DCT vs Hybrid block method

Fig.22. shows that our method gives a high PSNR than
the DCT transform even when more compression is achieved.
Further investigations show that the hybrid method
outperforms the Haar and the hybrid block method when it
comes to conserving the edges. The results are shown in Fig.
23.
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image even for high compression ratios, giving a higher PSNR
than DCT for the same compression ratio, and permitting
better edge recovery than the Haar transform.
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IV. CONCLUSION
This paper showed that combining DCT and Haar
transforms gives better results than using each one alone. It
tried to take benefit of the advantages of both transforms while
minimizing the effects of the weaknesses of each one of them.
Two different combinations were shown, explained and tested.
Section II examined the possibility to divide the image into
8x8 blocks. A DCT or a Haar transform of the block is sent to
the receiver along with a signaling bit indicating the nature of
the transform. The choice of the transform is based on getting
the PSNR of the recovered block and sending the transform of
the highest PSNR of the recovered block. This requires a kind
of decoder in the sender side. Section III tackled the
possibility of combining both transforms in one block. It
derived the equation of the matrix M needed to recover the
hybrid block. M is a mixture of DCT and Haar basis. It was
decided that DCT is applied to the upper left corner of the
block because DCT performs very well on low frequencies.
The remaining parts of the blocks are transformed via Haar.
Results revealed that for the same parameter m of the DCT
transform, our methods always give a higher PSNR than the
DCT transform applied alone. For the same threshold a, our
methods always give better edge recovery than the Haar
transform. Therefore, our methods increase the PSNR
obtained by the DCT transform and enhance the edge recovery
of the Haar transform. Note that the second approach gave
better results than the first one because it explores the different
features of the same block. However it requires heavier
computations than the first one. Combining DCT and Haar is
very well performant and can enhance the performance of the
JPEG transform. This is done by keeping good quality of the
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Abstract—In this paper, we model the interaction between
the operators of a multi-operator sharing system using Markov
chain. We investigate three pricing strategies to set the financial
conciliation for the service cost between operators. We also
evaluated different resource sharing factors to highlight the
impact of such sharing. Results in terms of blocking rate and
profits, show how this sharing can improve the revenues of the
operators as well as the system performance by reducing the users
blocking rate. Besides, based on the capacity of the operator, the
sharing factor and the pricing strategy affects the cooperation
benefits in different ways.
Index Terms—Multi-operator wireless networks; resource
sharing; Markov chain; performance evaluation; inter-operator
service pricing.

I. I NTRODUCTION
5G networks will rely on virtualization and network sharing
in order to address the explosive growth of broadband traffic
mobile, the increasing number of mobile connected devices
and the evolution of mobile user expectations [1], [2], [3],
[4]. Network sharing is a powerful approach that helps to
reduce the deployment time and cost of a new radio access
network, expand coverage, accelerate the integration of a new
technology and to optimize resource utilization . Further, it is
efficient for new revenues achievements [5], [6].
We consider in this work a multi-operator infrastructure
sharing system, where multiple operators share their radio
access in a multi-operator environment. In such system, mobile
users can access the base station (BS) of their home operator
or the base station of another partner of the sharing system.
One of the main motivations behind RAN sharing is to reduce
the total cost of network deployment and management and
to increase revenues. Another motivation is to reduce the
network deployment period and accelerate the rollout of new
technology, in order to handle the rapid growth of mobile
broadband demand.We assume that all BSs of the partners
remain active and the users are not free to access another
operator BS without the permission of their home operator.
Indeed, when the home operator of a user is unable to
satisfy its constraints, because of lack of resources or QoS,
a transaction event is triggered. It consists in transferring the
considered user to another operator in order to access the
service. When a user is transferred, its home operator must
pay some service cost as cooperation fees for the new service
operator.
Therefore, the inter-operators sharing agreement must include financial conciliation for the service cost between partSDIWC Conferences Copyright©2018, All Rights Reserved

ners, which represents the cooperation fees between them.
The inter-operators agreement must also determine how to
share resources in order to guarantee operators benefits from
cooperation and allows to maintain network performance.
Furthermore, an access selection process devoted to decide
which operator to connect should be considered.
In this paper, we consider a multi-operator system where
operators share a part of their resources. We model the
interaction between these operators using Markov chain model
to study the impact of such sharing on the overall system. In
this context, we investigate three pricing strategies to set the
financial conciliation for the service cost between partners.
We also evaluated different resource sharing factors between
operators. Results for two operator’s case and three operator’s
case, in terms of blocking rate and profits, show how this
sharing can improve the revenues of the operators as well as
the system performance by reducing the users blocking rate.
When more than two operators are in the system, the user
transfer process includes an access selection decision in order
to choose the best operator for service. We assume that the
access selection decision is triggered and controlled by the
home operator of the transferred user.
The reminder of the paper is organized as follows: section
2 presents some existing works related to network sharing and
inter-operator service pricing. Section 3 describes the Markov
chain based model. Numerical results are presented in section
4. Finally, conclusion is given in section 5.
II. BACKGROUND AND R ELATED W ORKS
In multi-operator network, the majority of the works use
game theory for the interaction between operators to investigate the access selection and joint inter-operator service
pricing. In [7], a roaming-based infrastructure sharing scheme
is proposed. The switching off decision process is modeled
using a static non-cooperative game. Authors consider that part
of the BS infrastructure may be switched off during low traffic
conditions, motivating MNOs (Mobile Network Operators)
to share the resources of the remaining active BSs in the
same cell. The switching off algorithm aims at minimizing
the individual MNO cost in a distributed manner.
Another model of base station sharing is presented in [8],
where authors built a simple microeconomic model that examines the behavior of base station operators who are collocated
in a single cell. Authors used a game theoretic formulation,
where BS operators interact to decide about turning on or
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off each BS in order to maximize the global utility. The
latter is the summation of all operators utilities taking into
account the demand distributions for each customer, their
energy costs, revenue from a served customer, loss of revenue
from dissatisfied customers, service capacity and payment rate.
In a previous work [9], we proposed three pricing scenarios for the inter-operator service cost, in a multi-operator
environment. The service cost of an operator is related to
the service price of the sharing operators since this price
affects the selection decision and the income flow of the
operators. These scenarios were analyzed and compared to
different price sharing scenarios, and the results showed that
our pricing scenarios guarantee better profits for the operators
sharing high capacity and setting high service price. In [10],
we modeled the interaction between wireless operators, in
a multi-operator sharing network, as a multi-leader-follower
(Stackelberg) game. Cooperating service operators announce
their transaction cost in the first stage and the home operator
of the transferred user performs the selection decision in
the second stage. The game solution is found using Nash
equilibrium concept, and the best response is determine for
every pairs of leaders.
Far from the complex study in the related works, we develop
a simple analytical model based on Markov chain to help
operators deciding about the strategies to be adopted in sharing
system. We mainly focus on pricing and sharing strategies
while simple acces selection scheme based on available resources is used.
III. M ARKOV C HAIN BASED M ODEL
Note that in this paper, a client is referred to the own
subscriber of the operator and guest is the user transferred from
other operator of the sharing system. Consider N operators
who decided to share their resources in a multi-operator
environment. Assume that an operator i offers ni resources
(RS), and let S be the total number of the resources in the
sharing system:
S=

N
X

ni

i=1

When the operators decide to share their resources, each
operator i determines a sharing factor αi , which respresents the
percentage of resources that operator i shares, in order to serve
guest users. Consequently, in the sharing system, operator i
clients can benefit from an additional number of resources up
to nmaxi given by:
nmaxi = ni +

X

αj nj

j6=i

The user arrival to operator i can be modeled as a Poisson
process with rate λi . Once connected, the user will stay in
the system for a certain service time, assumed to follow an
exponential distribution of rate µ. Let xi , i = 1, 2, . . . , N be
the number of users in service for the operator i. This number
includes operator i clients and the guests form other operators.
Thus we have:
SDIWC Conferences Copyright©2018, All Rights Reserved

(
xi ≤
PN

nmaxi
PN
i=1 xi ≤
i=1 ni

The N-dimensional process (xN , xN −1 , xN −2 , . . . , x1 ) is
a stochastic process representing the number of clients in
the system. This process is modeled with a finite irreducible
Markov chain. Thus we can determine the steady states probabilities P (xN , xN −1 , xN −2 , . . . , x1 ). Based on the calculated probabilities we define the following system performance
indicators:
A. Blocking probability
The blocking probability for an operator i when using
resource sharing is given by:
P bsi =

X

P (xN , xN −1 , ..,xi , ..., x1)

for all states where xi = nmaxi or

PN

i=1

xi =

PN

i=1

ni .

The blocking probability without sharing for each operator
i can be calculated using Erlang B formula as follows:
n

P bloci =

ρi i
ni !
Pni ρki
k=0 k!

where ρi =

λi
µ

B. Global Profits
The global profits of an operator are defined as the total
income from served clients, added to the total revenue from
served guests minus the total service cost resulting from
the user transfer to other operators. Let Ti be the transfer
probability of users from operator i to the other operators
X
Ti =
P (xN , xN −1 , ..,xi , ..., x1)
xi >ni

In the case where the sharing system is formed by more than
2 operators, the selection of the suitable operator for user
transfert is based on the amount of available resource of the
candidate operators. We determine Pij the transfer probability
of users from operator i to operator j by
αj nj
Pij = Ti P
k6=i αk nk
Denote by pi the service price set by the operator i and paid
by its clients, and csi the service cost set by operator i and
paid by the home operator of a guest.
In order to calculate the global profits of an operator i, we
first determine the average number of served users considering
three types:
1) Operator i clients served with an average number nbi
given by nbi = λi × (1 − P bsi ).
2) Operator i clients transferred and served by another
operator j with an average number nbij given by nbij =
λi × (1 − P bsi) × (Pij ).
3) Operator i guests which has been transferred form
operator j and served by operator i with an average
number nbji is given nbji = λj × (1 − P bsj ) × (Pji ).
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Consequently, the global profits of an operator i can be
calculated by :
P fi = nbi · pi +

X

nbji .csi −

j6=i

X

nbij .csj

j6=i

C. Inter-operator service cost
In order to achieve a successful resource sharing, partners
must agree on pricing transfer for ongoing services, how
revenues are distributed and how operational, rental and power
costs are shared. The sharing agreement must be maintained by
a trusty party to keep up with different challenges that appear
with sharing. In this subsection, the inter-operator service cost
is considered. It determines how an operator i pays for its
user transfer to another operator j. We investigate three pricing
models previously proposed in [9], where the service cost csi
set by an operator i is a function of its price pi or a function of
the price set by other operators in the sharing system. Based
on these models, the inter-operator service cost is a fixed price
set by the service operator and paid by the home operator of
the guest user. Therefore, the service cost csi of an operator
i is set according to the adopted pricing scenario as follows:
1) Model I denoted by ACAG (As Client As Guest): each
operator of the sharing system sets its service cost cs
equal to its price p set for clients, such that csi = pi for
all operator i, i = 1, 2, . . . , N .
2) Model II denoted by MIWC (Max In When Cooperating): all operators set identical cs equal to the
highest price p in the system, such that cs = maxi (pi )
i = 1, 2, . . . , N .
3) Model III denoted by MCWC (Min Cost When Cooperating): all operators set identical Cs equal to the
lowest price p in the system, such that cs = mini (pi )
i = 1, 2, . . . , N .
IV. N UMERICAL R ESULTS
In order to evaluate the amount of resources to be shared
as well as the optimal pricing strategies to be adopted, we
consider different case studies of the sharing system and we
analyze the results. Without loss of generality, we consider two
systems: the first is formed by two cooperating operators, Op1
and Op2 each managing a single radio access technology. The
second is formed by three operators Op1 , Op2 and Op3 . Users
arrive in the network of each operator according to a Poisson
Process with rate λi clients/timeunit(tu). The user will stay in
the system for a service time assumed to follow an exponential
distribution of mean 1/µ. We use µ = 4 clients/tu for the
simulations. We start by the results of the system formed by
two operators Op1 and Op2 .
A. Sharing scenario with different capacities (Operator’s capacity effect)
In this scenario, we assume that Op1 and Op2 share
different capacities. An operator capacity represents the total
number of resources offered by this operator. Op1 and Op2
offer n1 = 20 RS and n2 = 15 RS, respectively, and they
SDIWC Conferences Copyright©2018, All Rights Reserved

(a) Op1’s Blocking rates, sharing scenario with different capacities.

(b) Op2’s Blocking rates, sharing scenario with different capacities.

Figure 1: Operators’ blocking rates improvement through
cooperation, sharing scenario with different capacities.

adopt the same sharing factor α = 1/5. Besides, Op1 and Op2
set the same service prices p = p1 = p2 = 2 units of price.
Therefore, the investigated pricing scenarios for the interoperators service cost consist of only one because mini (pi ) =
maxi (pi ) = p, thus cs1 = cs2 = p. In this scenario,
λ1 = [48 · · · 70] and λ2 = [34 · · · 50].
Figures 1a and 1b show how the cooperation between Op1
and Op2 could reduce the blocking rates in comparison with
no cooperation case, especially for high number of system
arrivals. The maximum number of admitted users is increased
for Op1 and Op2 , respectively, inducing an increase of the user
acceptance in the whole system. This translates the capacity
gain achieved through cooperation. Comparing the results of
Op1 and Op2 , we can notice that Op2 having the lowest
capacity could achieve more capacity gain.
Figures 2a and 2b show the profit achievements as a
function of the number of client arrival for Op1 and Op2 ,
respectively. Both operators, Op1 and Op2 , could benefit from
cooperation and improve their revenues. Sharing resources
helped Op1 and Op2 to admit more users, thus increasing
their income. Besides, the service of guest users guarantee
additional revenue. Note that the profit improvement of Op2 ,
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(a) Op1’s global profits, sharing scenario with different capacities.

(a) Op1’s global profits, sharing scenario with different capacities.

(b) Op2’s global profits, sharing scenario with different capacities.

(b) Op1’s different users number, sharing scenario with different capacities.

Figure 2: Operators’ global profits variation after cooperation,
sharing scenario with different capacities.

Figure 3: Operators’ global profits variation after cooperation,
sharing scenario with different service prices.

which has the lowest capcity, is higher than Op1 .
We can conclude from this scenario that when two operators
share their capacity with equal prices, they will benefits from
capacity and profit gains, and the operator which has the lowest
capacity will achieve the highest improvement gains.

Figure 3b shows that the number of Op1 clients transfered
to Op2 is greater than the number of guests coming from
Op2 to Op1 . Op1 receives p1 from a number of its clietns
served by Op2 but it pays only p2 to Op2 which induces extra
incomes. For Op2 , best profit is achieved using MIWC. This
is explained by the fact that it serves guest users more than
the clients transferred to another serving operators as seen in
Figure 4b.

B. Sharing scenario with different service prices
In this scenario, we assume that Op1 and Op2 set different
service prices such that p1 > p2 with p1 = 3 and p2 = 2. They
share different capacities, with n1 = 20 RS and n2 = 15 RS,
respectively, and they adopt the same sharing factor α = 1/5.
In this case, we investigate the pricing models presented in
subsection III-C, and we determine mini (pi ) = p2 = 2 and
maxi (pi ) = p3 = 3. For the blocking rates, we obtain results
and coclusion similar to the previous sharing scenario, Op1
and Op2 improved their blocking rates through cooperation
independently of the adopted inter-operator service cost.
Figures 3a and 4a show the profits achieved by Op1 and
Op2 , respectively, using different pricing models. One can see
that in comparison with no sharing, the profit in the case of
sharing is better. For Op1 , best profit is achieved using ACAG
pricing because p1 > p2 . Then MCWC followed by MIWC.
SDIWC Conferences Copyright©2018, All Rights Reserved

C. Sharing scenario with different sharing factor
In this scenario, we intend to illustrate the effect of the
sharing factor, so we assume that Op1 and Op2 have the same
capacity and set the same service price; n1 = n2 = 20 RS
and p1 = p2 = 2 units of price. And we investigate the values
of the sharing factor α = [0.2, 0.3, 0.4]. As we have same
capacities and same prices . We obtain the same results for
both operators. We present the curves for Op1 only. As shown
in Figure 5, it is clear that the blocking rates of Op1 decrease
when the partners share more capacity, whatever is the adopted
pricing scenario. However, having more profit when increasing
the sharing factor will depend on the available traffic for both
operators.
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(a) Op2’s global profits, sharing scenario with different capacities.

Figure 6: Op1’s profits, sharing scenario with different sharing
factors.

(b) Op2’s different users number, sharing scenario with different capacities.

Figure 4: Operators’ global profits variation after cooperation,
sharing scenario with different service prices.

Figure 7: Operators blocking rates in a three operators sharing
system.

D. Three Operators Sharing System

Figure 5: Op1’s blocking rates, sharing scenario with different
sharing factors.

SDIWC Conferences Copyright©2018, All Rights Reserved

We consider the previous sharing system but with three cooperating operators; Op1 , Op2 and Op3 , having n1 = n2 = 10
RS and n3 = 5 RS, and setting p1 = p2 = 3 and p3 = 2 price
units. We consider µ1 = µ2 = µ3 = 5 clients par time units
with λ1 = λ2 = [25 . . . 42] and λ3 = [8 . . . 17] clients per tu.
In this case, when the number of users in service reaches ni
for an operator i, every new incoming client will be transfered
to another cooperating operator for service.
Figure 7 shows a comparison between the blocking rates,
with and without sharing, for Op1, Op2 and Op3, respectively.
The analysis of the new results show the same conlusions
concerning the benefits of the cooperation in a two operators
sharing system. The blocking probability is reduced for all
operators. As for the profit, Figures 8 and 9 show the profit
achievements as a function of the arrival rates for Op2
and Op3, respectively. Results of Op1 are similar to OP2.
Comparing the achieved values with cooperation and those
without cooperation, one can see that the operators of the
sharing system could realize important profit gains through
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Figure 9: Op3 profits in a three operators sharing system.
cooperation. For the investigated pricing scenarios, ACAG is
the best for Op1 and Op2 . Best profit is achieved using ACAG
pricing because p1 > p3 . For Op2 , best profit is achieved using
MIWC. This is explained by the fact that it serves guest users
more than the clients transferred to Op1 and Op2 . Thus best
cooperation to share resources is between operators having
similar sizes in capacity and prices.
V. C ONCLUSION
In this paper we investigated resource sharing in a multioperator wireless network. We considered three pricing strategies to set the financial conciliation for the service cost
between operators. Results in terms of blocking rate and
profits, show how this sharing can improve the revenues of the
operators as well as the system performance by reducing the
users blocking rate. Operator with high capacity will achieve
best profits when adopting ACAG pricing strategies. Operator
with low capacity will improve the client acceptance, but the
profit will be affected by the pricing strategies of the other
sharing operators.
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Abstract—Vehicular Ad hoc NETworks, known as VANETs,
are deployed to reduce the risk of road accidents as well as to
improve passenger comfort by allowing vehicles to exchange
different kinds of data. Medium Access Control protocols play
a primary role in providing efficient delivery while minimizing
data packet loss. In fact, one of the major challenges of
vehicular networks is designing an efficient MAC protocol
which can cope with the frequent changes in topology and
the different Quality of Service QoS requirements of VANET
applications. However, safety applications of VANETs require
that vehicles should be able to disseminate messages quickly
to their neighboring vehicles with a high degree of reliability
and by giving a higher priority to sensitive data to get access
to the network. In this paper, we propose a Priority-based Qos
Centralized Tdma MAC protocol (PQCTMAC) for vehicular
networks in which data priority levels are used to differentiate
among slot reservation requests. The main goal of this work
is to propose a priority-based scheduling algorithm to make
better the use of the single common channel by giving high
access priority to safety traffic. Simulation results showed
that PQCTMAC significantly improves the efficiency of safety
message broadcasting in VANET.

keywords– VANETs, MAC, TDMA, QoS, Access Priority, Safety Applications.

1. Introduction and Motivation
Vehicular Ad hoc NETworks, known as VANETs, are
regarded as a promising communication technology that
can meet various requirements of Intelligent Transportation
System (ITS) applications which aim to help improve traffic
safety and efficiency [1]. Through Vehicle-to-Vehicle (V2V)
and Vehicle-to-Infrastructure (V2I) communications, each
vehicle can exchange information to warn other vehicles
about the current state of the traffic flow or the existence of
a dangerous situation such as an accident. Road safety and
traffic management applications require a reliable broadcast
scheme with minimal transmission delays and collisions,
which increases the need for an efficient MAC protocol
[2]. Recently, Contention-free MAC protocols, notably those
that are based on the TDMA technique, have attracted a
lot of attention and many protocols have been proposed
SDIWC Conferences Copyright©2018, All Rights Reserved

in the literature in order to handle the network access and
transmission with minimum packet loss.
In the past few years, several distributed TDMA-based
protocols for medium access channel have been published
to offer reliable and real-time communications in Vehicular
Ad hoc NETworks while trying to attenuate the effect of
the merging collision problem and access collision problem
[2]. Every protocol has been designed for a specific problem considering a particular scenario for mobility. As an
example, in [3], Borgonovo et al. have proposed ADHOC
MAC protocol (AD HOC Medium Access Control) to insure
an efficient broadcast mechanism for V2V communications
and cope with some medium access channel issues, like the
hidden-exposed node problem in order to guarantee a certain
Quality of Service. ADHOC MAC protocol is a contentionless medium access protocol based on a dynamic TDMA
technique which provides fast access to the channel. This
mechanism can be seen as an extension of the Reliable
ALOHA technique (R-ALOHA [4]). Each car is able to
access the channel in every frame in a random manner to
choose a time slot as its Basic CHannel (BCH). The car is
insured to access the channel at least once in a given frame.
In [5], [6] Omar et al. designed and studied a protocol called VeMAC. VeMAC proposed for VANETs is a
contention-free MAC protocol adapted to the V2V multichannel radio system that offers efficient one-hop and multihop broadcast services on the control channel and get rid
off the hidden node problem originated by vehicle mobility.
In addition, VeMAC [6] is able to attenuate the merging
collision rate by allocating different sets of time slots to
cars traveling towards different directions (Right, Lef t)
and to RSUs1 . As VeMAC is a fully distributed protocol,
an access collision problem may happen frequently among
cars attempting to gain access to the same time slots under
high traffic density situations.
Another completely distributed TDMA scheduling
scheme, named DTMAC which takes benefit from the linear
topology of VANETs is proposed and presented in [7]. This
latter is based on the assumption that the road is partitioned
into equal small size areas and the time slots in every TDMA
frame are divided into three sets which correspond to cars
1. Road Side Units
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in three successive areas. In DTMAC slots allocation and
reuse procedures are designed in order to reduce the effect
of collisions that are originated by the hidden node problem.
These distributed-TDMA based MAC protocols show
some improvements compared to the IEEE 802.11p standard
and can support QoS requirements of safety applications,
however, when the size of the vehicular network increases,
the access collision problem frequently occurs among different vehicles that try to transmit at the same time slots.
Moreover, the scheduling mechanisms of these protocols
produce a significant overhead to set up and adjust the
TDMA schedules in highly dense networks.
An efficient solution to mitigate the access collision rate
while reducing the scheduling overhead consists in using
RSU s as primary coordinators to set up and adjust the
time slots allocation for the cars in their communication
range. For instance, the authors have proposed in [8] an
Adaptive Collision-Free MAC (ACFM) protocol based on a
centralized and dynamic time slot assignment mechanism.
Each frame in ACFM is partitioned into a predefined number
of time slots: one RSU time Slot (RS) is dedicated to an
RSU to transmit control messages to the cars located in its
vicinity and within its communication range. In addition, 36
Data time Slots (DS) can be used by the cars to transmit
their data packets to their immediate neighboring vehicles.
An RSU periodically diffuse a control message containing
the DS allocation schedule for the cars located in its radio
range along with the time synchronization information. Unfortunately, the protocol does not handle communications
between vehicles belonging to two different RSU coverage
areas.
The authors have proposed in [9] and [10] an Unified
TDMA-based Scheduling Protocol (UTSP) especially designed for Vehicle to Infrastructure communications. The
main purpose of this research work is to maximize the useful
bandwidth for user-related applications in VANETs. Hence,
each RSU gathers the needed information like, the channel
occupancy information, the vehicle velocity, and the Access
Category properties of the cars located in its coverage area.
Then it allocates the time slots to the cars depending on the
weight function that takes into account three elements: speed
weight factor, AC weight factor and channel-quality weight
factor. However, the authors did not take into consideration
the interference problem that may happen between cars in
overlapping areas where each area is covered by a different
RSU .
Despite the research efforts spent to improve the performance of TDMA in VANETs, most of these TDMAbased MAC protocols do not support service differentiation
and act similarly with various types of data traffic without
giving a higher access priority for safety applications. In this
paper, we extend our protocol CTMAC [11], a Centralized
TDMA based MAC protocol for VANET to support service
differentiation. In this extended version, the RSU will serve
time slot reservation requests with higher level of access
priority sooner than other requests. The rest of the paper is
organized as follows. Section 2 describes the system models
and briefly presents the CTMAC protocol [11]. Section
3 describes our Priority-based QOS Centralized TDMA
SDIWC Conferences Copyright©2018, All Rights Reserved

MAC protocol, called PQCTMAC. Section 4 presents the
simulation results and the performance evaluation. Finally,
conclusions is reported in Section 5.

2. Centralized TDMA based MAC protocol
The key idea of CTMAC protocol [11], a TDMA protocol based, is the use of a collision free scheduling mechanism over adjacent areas. CTMAC avoids that vehicles
traveling in two adjacent areas use the same time slot to
access the radio channel.
In CTMAC, the road is partitioned into several contiguous areas, where each of them is covered by one RSU
located in the middle of it. The radio range of an RSU
is denoted by R, and the length of an area is equal to 2R.
Like traditional TDMA access channel based protocols,
the time is divided into successive time frames. In addition,
each time frame is divided into two sets of time slots denoted
by S1 and S2 . These two sets are repeatedly used along the
road so that no vehicles located in the same set of two-hop
neighbors are using the same time slot.
Figure 1 shows a highway divided into several adjacent
areas where in each of them, one RSU , having a radio
range equal to R, is installed in its center. According to
the CTMAC rules, vehicles traveling in the area covered
by RSU1 and those covered by RSU2 are accessing non
overlapping sets of time slots. The set S1 of time slots is
used by the vehicles that are moving within the coverage
area of RSU1 , while the set S2 is used by the vehicles that
are moving within the coverage area of RSU2 .
The major benefit of CTMAC is the limited effect of
interferences between each two successive RSU s. Consequently, the scheduling mechanism is able to reduce the
collision rate for vehicles accessing to the radio channel
without using any complex bandwidth allocation technique.
Each time a vehicle enters a new area, it gets a new
time slot (see next paragraph for more details). This time
slot will be used by the vehicle to access to the channel and
transmit its data as long as it is traveling within the same
area or once a merging collision happen.
Each RSU builds and updates a Frame Information (FI)
composed of τ fields. τ corresponds to the number of time
slots in the frame. Each field, denoted as IDF (ID Field)
describes the corresponding time slot in the frame. Three
sub fields are used for this purpose: SLT STS, VC ID and
PKT TYP. The SLT STS sub field tells whether the slot
is used (occupied), in Collision, or Idle. The VC ID sub
field stores the ID of the car that is using this slot. Whereas
the PKT TYP sub field gives information about the type
of packet transmitted: i.e. event-driven safety messages or
periodic packets. In CTMAC and unlike the ADHOC MAC
and VeMAC protocols, the frame information is periodically
broadcasted only by the RSU and each vehicle will update
its local FI based on the FI broadcasted by its RSU .
Nevertheless, if an access collision is detected, a vehicle is
allowed to broadcast its frame information to its neighbors
(and RSU ) to warn them about this event.
An RSU u is able to identify the set of available time
slots at the end of each frame. This set is denoted by F (u).
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3. Priority-based QOS Centralized TDMA
MAC protocol(PQCTMAC)
Currently, VANETs are used for various kinds of applications with different degrees of safety. However, safetycritical applications must be served in a short time with
a high degree of reliability, because they are critical for
driving safety. Therefore, MAC protocols should provide
transmission services with a bounded access delay for high
priority safety applications. To do so, we classified applications of VANET into three different classes with different
priorities according to data type. Namely
•
•
•

Figure 1. TDMA slots scheduling mechanism of CTMAC

With these priority classes, the original CTMAC time
slot reservation request and allocation procedures are
slightly modified and described as follows:
•

When free slots are available a Slot Announcement (SA)
message along with the F I message are broadcasted during
the first slot of the corresponding RSU subset time slots
(notice that the first slots of sets S1 or S2 are reserved
for the RSU transmissions). Based on this information, a
vehicle v traveling in that area that wishes to access the
channel is able to pick randomly one of the available slots. It
then broadcasts a Slot REQuest message (SREQ) during the
selected slot to attract the attention of the RSU and express
its intention. When the RSU gets the SREQ message, it
checks whether a time slot is available or not. The RSU
will send its Slot REPly message (SREP) containing its
allocation decision including the allocated time slot index.
Actually the decision is simply integrated within the next
F I announcement. Eventually, the vehicle v can start using
the assigned time slot to transmit its data. Otherwise, the
vehicle v will reiterate the same reservation steps if a
predefined timer expires and no reply has been arrived from
the RSU . An RSU considers that a given vehicle v has left
its communication range, when it does not receive a packet
from the vehicle v during its time slot.
As stated before, the vehicle v will keep using the same
time slot while traveling in the same area and without any
collision. In case of collision, the vehicle will try to get
a new time slot as described above. If the moving vehicle
v detects different RSU announcements than the current
one, it will start a handover procedure to get a new time
slot from the new detected RSU . The vehicle will send an
SREQ message to get allocated a new time slot and if it
receives an SREP message from the RSU it will free its
current time slot and it will resume its transmissions during
the time slot newly allocated by the new RSU .
SDIWC Conferences Copyright©2018, All Rights Reserved

class 0 for the highest priority used to send safety
message data,
class 1 is reserved for less sensitive information like
vehicular traffic control and route optimization, and
class 2 is used for infotainment data.

•

Allocating time slot procedure according to priority
levels: With PQCTMAC, the time slot allocation
is achieved taking into account the priority of the
request. At the end of each frame, the RSU u will
analyze and classify the different requests received,
and function of the available free time slots it will
serve first the highest priority requests. The requests
are successfully served as long as there are available
slots. However, if all the slots become occupied and
there still high priority requests not yet processed,
the RSU has to decide which time slots may be
revoked to serve the remaining requests. Initially, the
RSU will revoke the lowest priority (class 2) time
slot assigned to vehicle v , and allocate it to a higher
priority requestor vehicle (class 0 or class 1 if there
is no more class 0 request). The RSU will apply
the same principle to revoke class 1 priority time
slots and replace them with class 0 priority time slots
once it runs out of class 2 time slots. In this manner
we insure that higher priority allocation requests are
given better chances to get access to the channel than
the lower priority requests.
Requesting time slot procedure: As described in the
previous section, when a vehicle v needs a time slot
to send its data, it will try to select randomly a
free time slot among the available ones, and send
its request message (SREQ) to the RSU . With
PQCTMAC, an additional information is added to
the SREQ message to precise the priority class that
the vehicle v is requesting. Hence, the RSU is able
to process the request as mentioned above. However,
it may happen that all the time slots are already
occupied by a lower priority class data. In this case
we rely on the Access Collision Avoidance (ACA)
mechanism integrated in CTMAC to handle these
situations and let the RSU update its scheduling.
The idea is to allow the vehicle v to send its request
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SREQ during an already allocated time slot (with
lower priority class), and use one of its neighbors
v 0 as a potential relay to deliver this request within
its Frame Information (FI) that has to be sent to
the RSU . The RSU is then able to re arrange and
change the time slot allocation according to class
priorities.

4. Simulation results
In this section, we provide the simulation results to evaluate and compare the performance of PQCTMAC protocol
with the classical version CTMAC.

4.1. Simulation scenarios and parameters
We use MOVE [12] to generate vehicular traffic scenarios and SUMO [13] to perform real vehicular mobility
simulations (see Figure 2).

Figure 2. Simulation framework.

In our simulations we considered a real highway area
digital map to generate a VANET environment close to real
highway configurations taking into account different lane
directions. In Figure 3 we can see a metropolitan area taken
from a Map of San Jose (California) of size 3000m×100m.
This map was exported from OpenStreetMap (OSM) and
adapted with the help of OpenStreetMap Editor (JOSM).
The resulted roads are then populated with a bunch of vehicles in every direction. Each flow of vehicles is characterized
by a set of parameters which consisted of the starting and
ending time of the flow, the initial point and the destination
of the flow and the maximum number of vehicles. In this
environment, each vehicle is assigned a random speed between 120km/h and 150km/h. The resulted traffic traces
generated by MOVE were injected in the Network Simulator
ns2.34. Table I summarizes the simulation parameters that
we have used in our scenarios.

Figure 3. VANET network topology captured from Google MAP.

Table I. Simulation parameters
Parameter
Simulation duration
Speed
Speed standard deviation
Number of slots per frame (τ )
Slot duration
Highway length
The number of lanes per direction
The radio range (R)

Value
120 (s)
120 (km/h)
30 (km/h)
100
0.001 (s)
2.5 (km)
2
310 (m)

especially designed for VANETs. We notice that in a previous paper [11] we showed that CTMAC outperforms other
TDMA protocols for VANETs, VeMAC [6] and ADHOCMAC [3]. That is why in this paper, we have compared the
performance of PQCTMAC protocol with a non-prioritybased protocol, namely the CTMAC protocol. The Figure
4 shows the number of safety messages sent during 100
frames. We can note from this Figure that PQCTMAC can
send more safety messages than CTMAC. For instance, at
a frame number 38, 61.8 (on average) safety packets have
been sent by PQCTMAC protocol, in contrast to CTMAC
which shows an average of 50.5 (i.e. approximately 22,38%
lower than the PQCTMAC). These results can be explained
by the fact that the scheduling mechanism of PQCTMAC
gives preference to high priority slot reservation request
rather than low priority request which allows certain vehicles
that have safety-related information to gain rapid access to
the channel and send their messages in the network.

4.2. Simulation results
Figure 4. Average number of transmitted safety messages vs frame number

To the best of the author’s knowledge, this is the first
priority based centralized TDMA scheduling mechanism

ISBN: 978-1-5090-1909-0 ©2017 IEEE
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The Figure 5 shows the average number of received
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safety messages within 100 frames. As shown in this Figure, PQCTMAC achieves a considerably higher average of
received safety messages than CTMAC, especially at frame
number 32, PQCTMAC has achieved an average number
of 3424,95, whilst CTMAC achieves a smaller average of
2911,6 (approximately 17.65% lower than the PQCTMAC).
These results can be explained by the fact that PQCTMAC
protocol has achieved a higher average number of safety
messages transmitted compared to CTMAC.

[5] W. Zhuang, H. A. Omar, and L. Lio, Vemac: A novel multichannel
mac protocol for vehicular ad hoc networks, in IEEE Conference
on Computer Communications Workshops (INFOCOM WKSHPS),
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Figure 5. Average number of received safety messages vs frame number

5. Conclusion
Applications for Vehicular Ad hoc Network (VANET)
ranges from road safety messages and traffic management to
infotainment. However, due to their strong time constraints,
safety applications should be given a higher access priority
than other applications in order to improve traffic safety
and efficiency and reduce the risk of road accidents. In
this paper, we propose a priority based centralized TDMA
based MAC protocol (PQCTMAC) for vehicular networks
in which data priority levels are used to differentiate among
slot reservation requests. The simulation results presented
show that PQCTMAC protocol provides better performances
in terms of safety message broadcasting efficiency.
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Abstract—This paper presents a design of mm-wave LNPA
which generates a large output power and low noise figure in one
stage for a harmonic feedback oscillator block at the candidate of
5G; frequency 26 GHz. The LNPA is designed in the 28 nm UTBB
FD-SOI. The benefits of this technology are stated with the effects
of body biasing for the mm-wave LNPA. This amplifier is designed
using a common source topology. It achieves 14 dBm Psat and 2.5
dB noise figure “NF”.
Index Terms— LNPA: Low Noise Power Amplifies, UTBB FDSOI: Ultra-Thin Body and Box Fully Depleted Silicon on Insulator,
FBB: Forward Body Bias, NF: Noise Figure, PAE: Power Added
Efficiency, Psat: Saturated output power.

I. INTRODUCTION
A 28-nm FD-SOI (Fully Depleted Silicon On Insulator)
transistor which is built without changing the fundamental
geometry of the transistor lies on adding a thin insulator layer of
buried oxide positioned under the channel as shown in Fig. 1.
By that there is no need to add dopants to the channel due to the
thin silicon film in the channel, thus making it fully depleted [1].
The net effect is that the gate can now control very tightly the
full volume of the transistor body which makes it behave much
better than a Bulk CMOS transistor. The technology of very thin
buried oxide is called Ultra-Thin Body and Buried Oxide
(UTBB). The buried oxide insulator layer confines the electron
when flowing from the source to the drain [2] as shown in Fig.
2. So, it reduces the leakage current from the channel to the
substrate.
Also, the absence of channel doping and pocket implants in
the fully depleted transistor produces lower noise specifications
and higher gains when compared to bulk technologies. To
improve the transistor performance, a voltage can be applied to
the substrate. This method is called ‘Body Biasing’ which
facilitates the creation of the channel between the source and the
drain resulting a faster switching. Because of the ultra-thin layer
in FD-SOI, the biasing creates a buried gate below the channel
making the transistor act as a double vertical gate transistor.
This Ultra-Thin Body and BOX (UTBB) FD-SOI transistor
architecture –7 nm silicon thickness and 25nm BOX thicknesshas a stronger body effect than bulk transistors and therefore

SDIWC Conferences Copyright©2018, All Rights Reserved

Abraham Serhane3
3

Department of Industrial
Engineering, Lebanese
Lebanese International University
146404 Mazraa, Beirut, Lebanon

enables effective threshold voltage (Vth) management through
body biasing. The 25 nm BOX thickness is a compromise
between an increased parasitic source/drain to substrate
capacitance and enhanced body effect. The range of back-gate
biasing in UTBB FD-SOI is quite wider by a factor of 10 (i.e. 3V <VBB< 3 V) compared to the bulk technology (-300 mV
<VBB< 300 mV). The low-Vth (LVT) transistors in the 28 nm
UTBB FD-SOI CMOS process are fabricated as flip-well
devices where the NMOS and PMOS devices are placed in the
N-well and P-well respectively [3]. For the LVT transistors, the
range of FBB voltages is [-0.3 V to +3 V] and [-3 V to +0.3 V]
for the NMOS and PMOS respectively. Body bias can be used
to vary the threshold voltage: while the FBB can be applied to
decrease the threshold voltage, the RBB can be applied to
increase it. It can be used to boost the performance by increasing
the drive current and lowering the noise figure when applying
FBB, and to decrease leakage. FBB also boosts the transconductance of MOS devices. Fig. 3 plots the gm vs. VGS of an
LVT NMOS device with W/L = 2 μm/100 nm and VDD = 1 V
for different FBB voltages. At VGS = 0.5 V, FBB = 3 V provides
a gm value which is 3.94 times that obtained at FBB = 0 V.
Enhancement of gm provides benefits such as increased unitygain frequency, lower noise, etc. [4].
The total dielectric isolation of the channel in the UTBB FDSOI creates lower gate and source/drain capacitance. And the
raised-S/D (Source/Drain) epitaxy reduces the access resistance
so the fT/fMAX will be increased; {fT of N(P): 300(260) GHz and
fMAX of N(P): 170(120) GHz [5]}. Then the gain of the transistor
will be increased too.

Fig. 1. UTBB FD-SOI Geometry
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Fig. 2. Electron Flow

To resolve those problems, a new architecture is proposed:
Harmonic Feedback Oscillator. The idea is to replace the
resonator structure by a diplexer port that will allow the
feedback loop to ensure oscillation at the fundamental frequency
F0 being isolated from the output signal which is transmitted
through the second harmonic 2F0 as shown in Fig. 4.b. This
greatly reduces the impact of an output load variation of the
feedback loop.

(a)

Fig. 3.

Impact of FBB on Transconductance [4]

II. MM-WAVE LNPA DESIGN
Typically, a LNA is usually used in small signal circuits and
is designed in the receiver block to amplify the detecting signal
according to its sensitivity with low noise figure. Unlike a LNA,
PA (Power amplifier) is used to amplify the large signal and
mostly in the transmitter block; thus, the noise figure is not
important in the PA. On the other hand, a LNPA, which this
paper focuses on designing, is used to obtain a large output
signal and low noise figure which can be used in harmonic
feedback oscillator as shown in Fig. 4.b to ensure low phase
noise.
The conventional feedback oscillator shown in Fig. 4.a is
based on the Barkhausen criterion which states that the looped
system starts oscillating at frequency F0 so that between the
input of the LNA and the output of the resonator it has a voltage
gain higher than 0 dB and a phase shift multiple of 360 °.
A major concern about this type of structure is the
disturbance of the output signal because of the variation of the
output impedance (pulling /locking effect) and external current
injections. Also, in terms of phase noise, performance generally - can’t meet the expected specifications for many
applications. Such disadvantages have led to the development
of phase-locked loop system (PLL) in the design of "Active
RFID"; however, the use of phase locked loops reduces the total
energy efficiency of the system and it increases - at the same
time - the complexity of the circuit. Nevertheless, a PLL circuit
leaves the door open to the effect of "pulling" that should be
introduced in frequency and potential mitigation offsets.
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(b)
Fig. 4. Feedback Oscillator Diagram: (a): Conventional, (b): Harmonic

The common source (CS) and cascode topologies are used
at millimeter frequencies. A transistor in common source has
low power gain, problems with stability, and low output
impedance. The Cgd capacity is like a feedback loop that
degrades the insulation and gain. The Cds capacity increases
with the size increase of the transistor, and it consistently
reduces the output impedance. This structure; nevertheless,
achieves good voltage excursion which extends from the knee
voltage to 2 VDD in class A; thus, ensuring good linearity. The
cascode structure that consists of two transistors has a priori
better gain, better stability, and a wider bandwidth than the
common source structure. Indeed, it reduces the input-output
capacity and thus improves insulation. This circuit is much more
sensitive to parasites, including those related to the connection
between the two transistors. The CDSB capacitance (source of the
upper transistor, drain of the second transistor, and the body)
formed with the substrate absorbs part of the millimeter signal
and drops the gain. The output power is less than the common
source and the noise figure is slightly bigger than of that in
common source.
Table I. summarizes the performance of these two circuits,
cascode and common source, according to the main
characteristic parameters. We deduce the most suitable structure
depending on the point to be optimized. Thus, a common source
installation is recommended if you wish to allow the high output
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In the design process of the LNPA, there is a trade-off
between the noise matching and the power. This problem can be
resolved by adjusting the biasing of the transistor input to reduce
the noise sensitivity parameter Rn, so that it reduces the
dependence of noise figure, NF, on the noise match [6] as shown
in (1).
=

+

.

−

(1)

Where F is the noise figure, Yopt is the optimal source
admittance for noise matching, and Ys is the source admittance.
The DC bias is chosen to be 0.5 V to have the optimum noise
figure as shown in Fig. 6. At this point, the LNPA will be in
class A which is described with high gain and high linearity.
The LNPA circuit is shown in Fig. 7. The matching circuits
used lumped elements of real model which belong to the 28nm
FD-SOI kits. The output matching circuit is a trade-off between
the optimum impedance for output power and optimum
impedance for noise figure. C1 and C2 are DC blocks capacitors;
and L1 is RF choke of 1 nH. Transistor’s width of 150 µm of
150 finger (1µm each) is chosen to handle the input power and
to reduce the gate resistance Rg and hence Rn in (1).
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+

+
-

+
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Power
+
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190
Drain Current (mA)

The single end LNPA amplifier of common source topology
is designed to achieve low noise figure, and high output power
in one stage. Then the circuit will have small area and low cost.
The technology used is the 28 nm UTBB FD-SOI LVT_NFET
from STMicroelectronics. The supply is 1 V and the frequency
of operation is 26 GHz which is a candidate for a 5G band
consideration. The LNA is designed with the forward body bias
FBB to boost the performance of the gain and output power as
well as the noise figure. As shown in Fig. 5, the drain current of
the transistor which has grounded body bias is around 136 mA.
While the FBB reaches 2V, the drain current increases to reach
183 mA. This leads to increase the gain as well the output
power.

TABLE I. PERFORMANCE OF CS VS CASCODE
Type
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130
110
90
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Body Bias (V)
Fig. 5. Drain Current with Respect to Body Bias
6.2

Noise Figure (dB)

power, low noise figure, good linearity, and efficiency. A
cascode arrangement is more suitable for the realization of
broadband circuits due to its high stability which facilitates
impedance matching.
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Fig. 6. Noise Figure at Different Biasing

The Fig. 8 shows the S-parameters of the LNPA which is
based on harmonic balance SP; it includes the effects of input
power. The linear gain S21 is around 15dB and the input and
output matching are around 10dB and 9dB respectively.
The noise figure is around 2.5 dB at 26 GHz as shown in Fig.
9. The output power is 11.7 dBm with PAE= 32 % at the 1 dB
compression point and 14 dBm at saturated power with PAEmax=
55 % as shown in Fig. 10.
The performances are summarized and compared against
recently reported and measured mm-wave LNAs and PAs in
Table II. The proposed LNPA achieves the lowest noise figure
NF as low as 2.5 dB, gain of 15dB according to one stage, and
Psat of 14 dBm. The circuit is designed with real model of the 28
nm Kit component and does not include the post layout
extraction, so that the NF will increase a little bit and the output
power will decrease a little bit if the circuit layout is extracted
and then fabricated.
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Fig. 7. LNPA Topology
TABLE II. LNAS AND PAS STATE OF ART
Reference/
Stage

CMOS
Tech

Gain
(dB)

NF
(dB)

Center
Freq.

Psat
(dBm)

PAE
max %

[7]: LNA 1_stage 90 nm
CS
[8]: PA 2_stages 65 nm
[9]: LNA 3_stages 65 nm
[10]: PA 1_stage 28 nm
[11]: LNA
28 nm
3_stages
This work:
28nm
1_stage
FDSOI

13.8

3.8

37 G

--

--

22
23
10
23

-5.5
-4.5-5.8

19 G
60 G
28 G
50 G

23.8
-14.8
--

25.1
-36.5
--

15

2.5

26 G

14

55
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III. CONCLUSION
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This paper provides an amplifier, LNPA, which joins
between the low noise figure and high output power for a
feedback oscillation block used in 5G application. The benefits
of the technology UTBB FD-SOI used are explained, and the
effects of the body bias technique are showed. Then the
amplifier is designed to reach 2.5 dB noise figure and 14 dBm
saturated power.
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ABSTRACT
With the increasing demand on data rate in 5G
mobile networks, the deployment of small cells such
as Femto Access Points (FAP) and device-device
(D2D) communications in parallel with macro-cells
have been adopted as key technologies for
improving spectral efficiency to support the vision of
1000x capacity in 5G systems. One major challenge
in the future heterogeneous wireless networks
(HetNet) is the mobility and handover management
of the increased number of users. FAPs alone cannot
sufficiently support data rate to users’ equipment
(UEs) in crowded areas. Such UEs may benefit from
Device-to-Device (D2D) assistance from nearby
devices. Moreover, the traditional handover decision
may result in a large number of handovers and
increased handover blocking probability. For these
reasons, a Fuzzy TOPSIS algorithm is proposed for
the handover decision and network selection in the
context of LTE FAPs and D2D communications. The
proposed algorithm determines whether to perform a
handover or not and then selects the best candidate
network based on the Quality of Service (QoS) and
Quality of Experience (QoE) scores, respectively.
The proposed algorithm showed reduced number of
unnecessary handovers, blocking probability and
improved user throughput.

KEYWORDS
HetNet; Femto; D2D; Fuzzy; TOPSIS; AHP

1 INTRODUCTION
Today, wireless communication technologies
have become an essential part of people’s lives
and businesses everywhere. Mobile data traffic is
predicted to reach 49 Exabyte’s monthly in 2021
and expected to exceed the capabilities of the
current 4G (fourth generation) and LTE (Long
Term Evolution ) infrastructure [1]. To cope
with this increasing demand and prevent network
saturation occurrences, Heterogeneous networks
(HetNets) are seamlessly integrated to ensure
SDIWC Conferences Copyright©2018, All Rights Reserved

users' satisfaction and provide wide coverage
anywhere and anytime. Moreover, reducing the
cell size and offloading data traffic through
Femtocells has improved the network capacity in
local areas [2]. However, small cells may be
overloaded in crowded areas due to its limited
capacity and low coverage. Thus, Femtocells
alone cannot provide ABC (Always Best
Connected) services to the user equipment (UE)
while roaming. Device-to-Device (D2D)
communication is used to solve this problem by
enabling direct communication between two
cellular devices without the eNB intervention to
improve spectral efficiency and decrease end-toend transmission delay. In such Heterogeneous
Network, the mobility of the users from one
network to another needs an efficient Handover
(HO) decision to ensure the Quality of Service
(QoS) and Quality of Experience (QoE).
User experience is influenced by the used access
selection algorithm and depends on the
throughput and delay for the used application(s).
The traditional handover decision algorithm
selects the access point (AP) which has the best
Received Signal Strength (RSS) based on the
nearest node estimated by the UE. Such
method may end up with improper assignment
since the target networks may not meet the QoS
requirements of user’s services. This approach
results in a large number of handovers and PingPong due to continuous changes in AP
association, high handover failure rate, and
wastage of network resources. To solve this
problem, QoS parameters need to be considered
in the decision of handover in addition to RSS.
In such context, Multi-Attribute Decision
Making (MADM) algorithms, such as TOPSIS
(Technique for Order Preference by Similarity to
Ideal Solution) and AHP (Analytic Hierarchy
Process), are proposed to rank the networks to
make the handover decision [3]. AHP performs
pair-wise comparisons that indicate the relative
importance of each criterion and generates
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normalized weights to the parameters. TOPSIS
calculates the Euclidean distance between
network priority degree to the positive and
negative ideal solutions that maximizes the
benefit criteria (such as bandwidth) and
minimizes the cost criteria (such as delay),
respectively. However, context information of
some HetNets needs more advanced decision
making algorithm to process the dynamic
information. For this reason, some intelligence
(such as Fuzzy logic) which adapts to the
dynamically changing heterogeneous networks
should be integrated into the decision function.
Fuzzy logic applies inference rules to get Fuzzy
decision output based on inputs parameters
(handover criteria) like delay, jitter, available
bandwidth and bit error rate (BER) [4]. The
Fuzzy logic transforms the input parameters into
Fuzzy sets (“Low, Medium, and High”)
using membership functions, apply IF…THEN
rules for obtaining the Fuzzy decision sets, and
then pass the output Fuzzy set to the defuzzfier
where the handover decision is taken.
This paper proposes a Fuzzy TOPSIS-based
handover decision in D2D-enabled multi-tier
LTE HetNet. The objective of our proposed
handover scheme is to reduce unnecessary
handovers through pre-selection function and
utilizing Fuzzy TOPSIS decision algorithm for
dynamic access selection. Hence, the proposed
handover will ensure the QoS and QoE while
enhancing the throughput.
The rest of the paper discuss the following:
Section II introduces the related works on
handover decision algorithms. Section III
elaborate the system model and the proposed
Fuzzy-TOPSIS handover process including
discovery, decision, and execution. Performance
study is presented in IV regarding number of
forced HOs, number of executed HOs, blocking
probability and overall network throughput.
2 RELATED WORK
In this section, we have classified handover
decision (HOD) approaches to AP-based and
D2D-based.
2.1 AP-based Handover Decision
Authors in [5] have used SINR-based scheme in
which the HO is triggered when signal quality
SDIWC Conferences Copyright©2018, All Rights Reserved

degrades as a result of user mobility, the limited
network coverage, traffic congestion, radio
propagation, or the user receives higher SINR
level from an alternative wireless network.
However, this approach provides a very large
number of unnecessary HOs and high latency.
SINR do not guarantee a reliable QoS, either. It
also depends on the mobile user's speed, and the
overall performance of the scheme degrades as
the speed increases. In [6], an HO mechanism
between Macrocell and Femtocell in LTE based
networks is proposed. UEs are classified
according to their speed to prevent high-speed
users with non-real-time services from the HO to
Femtocell because they will pass by the
Femtocell in a short period. Reference [7]
predicts the user mobility for possible HOs. The
next position of the UE is estimated based on the
UE’s location, speed, and QoS. The main
purpose is to achieve the seamless HO and
reduce the HO latency.
However, maintaining the QoS during the
handover in HetNet needs an intelligent HOD
algorithm that considers QoS parameters such as
BER, delay, jitter, and bandwidth. Reference [8]
dynamically
obtain
real-time
network
performance context and user preferences
weights to apply an MADM algorithm for
selecting the best network based on these
parameters. Authors in [4] select the best
network by utilizing the QoS parameters in a
Fuzzy rule-based algorithm. The mobile UE
periodically monitors available networks and
communicate the collected information to the
current network for executing the handover.
Authors in [9] deployed an Adaptive NeuroFuzzy Inference System (ANFIS) capable of
learning. The system calculates the Mean
Opinion Score (MOS) based on QoS criteria. For
lower MOS values, a handover procedure is
triggered. Authors in [10] and [11] presented
intelligent vertical handover decision algorithm
that chooses the target network depending on
predefined weights assigned to HO metrics using
MADM. The Fuzzy inference system then
evaluates the current and target network to
initiate handover. Furthermore, the proposed
work in [12] considers a Fuzzy TOPSIS method,
as vertical HOD, which uses the output of the
four Fuzzy controllers from different RATs
(Radio Access Technologies) as inputs to
TOPSIS, to determine candidate networks
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ranking score based on AHP weighting. The
Fuzzy controllers are the received signal, QoS
(delay and data rate), mobile speed and mobile
battery level controllers. The AHP decision
matrix that is of the same size has reduced the
difficulty and delay for decisions when the
parameters number or RATs number increase.
When adding a new parameter, an inference rule
is only added in the corresponding Fuzzy
controller. Instead, authors in [13] used the
Fuzzy logic system without defuzzification to
reduce the computation and discovery time,
avoid Ping-Pong and ensure QoS. The algorithm
calculates the performance of WLAN networks
and chooses the target network considering the
current RSS, the forecasting RSS and available
bandwidth as input network parameters into the
Fuzzy login system.
2.2 D2D-based Handover Decision
A QoE-aware network management framework
is presented in [14] for VoIP services in LTE-A
networks that support D2D communications.
Two parameters (the average delay and the
packet loss rate) are collected, and then the MOS
is calculated by the E-model. If the D2D receiver
has a higher QoE than the current cellular link,
then the UE switches to D2D and data are
exchanged directly on the uplink, bypassing the
eNB. A D2D-assisted handover scheme is
proposed in [15], where D2D connectivity is
utilized to improve the user handover between
different BSs and enhance the overall link
quality experienced by the UE. The procedure
allows the UE, upon entering the overlapping
region, to randomly select one of the D2D users
at the intersection of its coverage and that of the
target BS to start a direct D2D communication as
a temporary relay. Reference [16] utilizes D2D
communication with a nearby Femto UE (FUE)
for load balancing and reuse the uplink resource
of the corresponding FAP. Choosing which FUE
to act as a D2D relay is based on the energy
consumption, which is derived from the distance
between the D2D sender and receiver. Authors
in [17] enhance the QoE (in terms of ease of
Internet access) through D2D-communications
for both DL and UL transmissions in a multi-tier
cellular HetNet. The proposed algorithm utilizes
D2D relays for data communication when a
connection cannot be established to overloaded
SDIWC Conferences Copyright©2018, All Rights Reserved

eNBs around the UE. The eNB that has the best
QoE is selected taking into account the Resource
Block (RB) availability in nearby eNBs.
3 QOS/QOE-BASED FUZZY TOPSIS
HANDOVER DECISION
3.1 System Model
We considered a single cell Long Term
Evolution (LTE) with a hierarchical deployment
of one eNB Macro base station, denoted by
MBS, and some small APs (hybrid Femtocell),
denoted by FAP. Femtocells are uniformly
distributed around the edge of the reference
Macrocell. Several UEs are randomly distributed
among the coverage space as shown in Figure. 1.
We assume three modes of operation for each
mobile UE: Macro mode (MUE), Femto mode
(FUE) and D2D mode (DUE). Only mobile UEs
located near the MBS (at the inner region)
operate in a Macro mode, while other UEs
located at the cell edge operate in Femto or D2D
mode. Cell edge UEs spend more power than
others nearer to the center of the BS thus being
the ones that should be associated to a smaller
cell (FAP or D2D). Since FAPs are commonly
deployed in local areas such as offices or
campuses, we assume several UEs move at a
constant low speed of v m/s in a straight line.
Since energy consumption is one of the main
challenges in D2D communication as the UEs
devices are equipped with a limited battery, our
solution assumes that a network mobility
management server is deployed in the evolved
packet core (EPC) of the network (at the MME
or in an access router such as S-GW/F-GW). The
server assists in handover discovery, minimizes
scanning delay and energy consumption [7] [18].
It maintains a database about each possible target
cell, including small cells and D2D UEs.
3.2 Proposed Handover Decision Process
As a result of the UE’s mobility, an alternative
network selection and HO decision is performed
as follows:
1. The server preprocess target selection
based on SINR and Rate threshold.
2. The server applies a Fuzzy algorithm that
ranks the available networks in terms of
QoS (including bandwidth, delay, jitter
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and BER) to decide on a possible
handover.
3. The UE selects the target network based
on QoE score (in terms of MOS,
direction, and battery) using TOPSIS and
AHP weighting.
This process is illustrated in Figure. 2. We have
divided the HO process into four phases:
Handover Trigger, Handover Discovery and
Information Gathering, Handover Decision, and
Handover Execution. Figure. 3 shows the
proposed sequence diagram of the signaling
messages exchanged during the handover from
an MBS to a FAP or D2D relay. The detailed
signaling procedure in each phase are described
as follows:
Handover Trigger: this phase starts when the
UE detects within the current network a decrease
in signal strength or data rate. Moreover, we
assume that the server has a list of surrounding
APs. Therefore, if an AP is found in the UE’s
current location, it will trigger the UE to measure

the link SINR and Rate as shown in Figure. 3.
Handover Information Gathering: this phase
includes the discovery of neighboring networks,
in a periodical manner or upon request. If an HO
is triggered, the UE will generate a request to the
server to enquire about available Point of
Accesses (PoAs) with better QoS, as shown in
Figure. 3. The server then obtains the real-time
SINR and the cell traffic load of the
corresponding available FAP and DUE relays.
The server performs network pre-selection based
on SINRmin and Ratemin thresholds to eliminate
unreachable and congested PoAs. The preselection will avoid activating unqualified
networks to reduce the unnecessary handovers.
Afterward, it gathers/calculates other handover
parameters values of the qualified networks
including delay, jitter, and BER.
Handover Decision: this phase is made initially
by the server which evaluates qualified networks
in terms of QoS score using the Fuzzy QoS
controller. The QoS controller takes into account

Figure. 1: A Femto/D2D multi-tier
cellular network

Figure. 2: Proposed handover decision
SDIWC Conferences Copyright©2018, All Rights Reserved

Figure. 3: Proposed handover signaling from Macro to Femto/D2D

136

International Journal of Digital Information and Wireless Communications (IJDIWC) 8(2): 133-138
The Society of Digital Information and Wireless Communications, 2018 ISSN: 2225-658X (Online); ISSN 2412-6551 (Print)

allocates orthogonal frequency bands for MUE
and FUEs and each user occupies one of them
for VoIP communication. However, the server is
considered to allow DUEs to reuse the available
resources (e.g., RB) in an underlying manner as
long as the interference remains below a given
threshold.

Figure. 4: Membership function of QoS Fuzzy controller

four input parameters: bandwidth, delay, jitter
and BER [4]. The Fuzzy membership functions
for those parameters as well as the QoS score are
given in Figure. 4. The input Fuzzy sets are fed
into the Fuzzy system. IF-THEN rules are
applied to obtain the Fuzzy decision sets. Some
of the QoS rules in VoIP services are defined as
follows:
IF delay is low, BER is low, jitter is low, and
bandwidth is high, THEN network quality factor
is high.
IF delay is low, BER is medium, jitter is low,
and bandwidth is high, THEN network quality
factor is medium.
IF delay is low, BER is medium, jitter is
medium, and bandwidth is low, THEN network
quality factor is low.
If the output QoS score is greater than a QoSmin
threshold (0.5) [10], the handover is initiated.
However, if the QoS score is less than the
threshold, handover will not be executed as long
as the SINR is above the threshold. As per
Figure. 3, the network server replies to the UE’s
request with a list of candidate PoAs. The UE
then determines its direction, the Battery level
and MOS of the candidate networks. Based on
these parameters and their weights determined
by AHP method, the UE ranks the candidate
networks using TOPSIS where the QoE scores
are calculated [12, 19]. Finally, the network with
the highest QoE score is selected as the target
network.
Handover Execution where the UE access the
new network and switches all its connection
according to the 3GPP standardized procedure in
the last phase. We assumed that the server
SDIWC Conferences Copyright©2018, All Rights Reserved

4 NUMERICAL RESULTS
The above-described system model has been
simulated using MATLAB. The simulation
parameters are provided in Table 1. The mobile
users move horizontally within the macro cell
area and handovers from one AP to another. By
varying the devices’ locations, the signal
strength of the current connection decreases.
Each time, a list of candidates are discovered and
the mobile UE chooses the AP with the highest
QoE score to connect to. The implemented
handover process is summarized in Algorithm 1.
To evaluate the performance of the proposed
scheme, we compare the proposed FUZZY
TOPSIS scheme and the conventional SINRbased scheme with D2D and without D2D. The
SINR-based algorithm selects the target PoA that
has the maximum received SINR to associate. In
each scenario, the total number of forced HOs,
number of executed HOs, blocking probability,
and total average user throughput is obtained.
We consider 6 FAPs while increasing the
number of users from 100 to 300.
Figure. 5 shows that the number of forced
handovers in the SINR-based algorithm
increases more than the proposed Fuzzy
TOPSIS. This means that the UEs will need to
switch between networks more frequently in
order to maintain the required SINR. However,
Table 1: Simulation parameters
Parameter

Value

Macrocell/Femto/D2D Radius

100/15/13 m

MUE/FUE/DUE Ptx

25/20/20 dBm

Effective bandwidth

18MHz

Number of RBs

100

Required throughput

15 Kbps (VoLTE)

Modulation Mode

64 QAM

Subcarrier Spacing

15 kHz

SINRthresh

7.2 dB

Path loss (Macro/Femto)

128 + 37.6 log(distkm)

Path loss (D2D)

148 + 40 log(distkm)

Noise Power

-121 dBm
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Algorithm 1: Handover decision and access point selection
1: Consider AP List of FAPs and D2D relays (MUEs or FUEs)
in UEs location

2: Consider i the index of the user location in x and
associated to an MBS; moving in a low speed horizontally

3: Compute the user SINR and Rate
4: if SINR or Rate ≤ threshold then trigger Handover
5: Obtain data from server:
for each AP i in AP List (FAP or D2D relay UE) in location
Obtain information of available AP i information
if SINR i >SINRmin && Ratei > Ratemin then,
in qualified_AP_List add AP i
Obtain other HO metrics (delay, jitter, BER)
end if
end for
6: Compute QoS score using Fuzzy logic for each AP in
qualified_AP_List (if exist)
7: for each APi in qualified_AP_List
if QoS score of AP ≥ QoSthresh then,
in candidate_AP_List for the UE add APi
end if
end for
8: if the number of candidates in the candidate_AP_List=0
then,
Block the UE
Release resources
Continue;
end if
9: if the number of candidates in the candidate_AP_List ≥ 1
then,
Consider MOS, direction, battery
Compute QoE score using TOPSIS for each AP in
candidate_AP_List
Consider the AP that has the highest score as the
target_AP for the UE
end if
10: Obtain target_AP resources (RBs) from the server
Release resources if UE already connected
Allocate a resource block
11: Compute SINR, throughput, blocking probability, etc.

in our approach, we consider the QoS
requirement as well as the UEs’ direction in the
HO decision, thus less HOs are forced. In Figure.
6, by using the proposed algorithm with D2D,
the number of executed HOs is significantly
reduced as compared to SINR-based with D2D.
In the SINR based algorithm, the mobile UE will
decide a handover as soon as it detects a network
in location and chooses the one with the highest
SINR. However, the best network should be
chosen based on the QoS at the UE to reduce
unnecessary HOs. In the Fuzzy TOPSIS based
scheme, handover is only initiated if the Fuzzy
algorithm generates a score of 0.5, which is
greater than the threshold [10]. As long as the
UE is satisfied with the service, the handover
will not be executed. Thus, the number of
handovers is relatively constant. However, due
to the limited range of D2D connections, more
HOs will be performed to guarantee the QoS as
SDIWC Conferences Copyright©2018, All Rights Reserved

Figure. 5: Total number of forced handovers for
increasing number of users

Figure. 6: Total number of executed HOs for
increasing number of users

Figure. 7: Blocking probability for increasing number
of users

Figure. 8: Total throughput for increasing number of
users

compared to the no-D2D cases. When direct
D2D connectivity is not available, fewer HOs
are executed since there is a limited number of
available PoAs, or the availability of free
channels in the candidate networks cannot
accommodate the request of handover due to
lack of resources. In this case, the blocking
probability will increase as the user density
increases (Figure. 7). Apparently, no balancing is
considered without D2D, as most of the cell edge
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users are blocked especially when the number of
users increases. On the other hand, by
introducing the D2D in our consideration, the
blocking probability in the proposed scheme is
reduced as more D2D candidates are available.
Figure. 8 plots the user’s throughput over the
whole area, where it shows that using the Fuzzy
TOPSIS with D2D, an enhanced throughput
could be achieved with less number of handovers
because of the inclusion of more parameters
(QoS and QoE) in the decision process and the
availability of candidate networks with D2D
relaying.
5 CONCLUSION
This paper proposed a Fuzzy TOPSIS network
selection and handover process between MBS,
FAPs, and D2D. The algorithm first
preprocesses target selection based on SINR and
Rate threshold. Only networks meeting the SINR
and Rate threshold can enter into the Fuzzy logic
decision phase. Then, Fuzzy logic ranks the
available networks in terms of QoS. Finally, the
UE makes a decision based on QoE score using
TOPSIS and AHP weighting. Our main
observation is that the proposed algorithm can
select the best network with a noticeably reduced
number of handovers while guaranteeing the
required QoS and throughput. Moreover,
network performance is improved with
additional overlay tiers (D2D) as compared to
the
performance
achieved
with
the
Macro/Femto-only networks. Therefore, we
expect that multiple tiers and intelligent network
selection will be integrated into the future 5G
HetNets.
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Abstract—In this paper, we propose a Trust Model for
VANETs.
It is a combination between centralized and
distributed cooperation between vehicles and infrastructure to
achieve the selection of the trustiest node as a Group Leader. The
proposed model is based on different metrics to analyse the
behaviour of the vehicles in the group while preserving the
privacy of the participants and maintaining low network
overhead. The evaluation of the proposed trust model is done by
simulations using GrooveNet. Results show the efficiency of the
proposed model to select the trusty vehicles.
Keywords—Trust; Network Performance; Security Resistance;
Decentralized.

I.

INTRODUCTION

VANET (Vehicular Ad-hoc Network), a special class of
mobile ad-hoc network with predefined routes, consists of
vehicles capable of exchanging information by radio to
improve road safety and/or to allow internet access for
passengers. All vehicles are moving freely on road network
communicating either with each other, or with RSU (Road
Side Unit) and specific authorities. Using DSRC (Dedicated
Short Range Communication) in a single or multi-hop, the
communication mode is either V2V (Vehicle-to-Vehicle), V2I
(Vehicle-to-Infrastructure) or hybrid [1]. Securing exchanged
messages between vehicles becomes a must.
After exploring the related work in the security architectures
[2], standards [3], protocols, attacks, approaches and solutions
in VANETs [4], many open issues and technical challenges in
this field require investigation[1]. We investigate the ability of
the network to self-organize via a high mobile network
environment and we focus on the trustworthiness evaluation of
nodes participating in VANET.
For the self-organisation we adopt the group formation
approach where the Group Leader (GL) is the reference for all
communications between its group members [5]. This lessens
the periodic usage of RSU resources and minimizes the safety
messages dissemination delay. But to select the trusty node as
a Group Leader, we defined a Trust Model [6] to determine
the trust metric of vehicles based on a modular secure
architecture [7]. It involves a monitoring system processing
based on cooperation of vehicles and validity of the
broadcasted data. The trust metric in each node includes direct
and indirect calculation based on many parameters. This
metric when calculated is transmitted to the nearest GL which
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in turn overload all its trust metrics to the RSU. RSU as big
data-center will merge and update these trust metrics and
result a global trust metric for each node. The trust metric in
its different stages has a threshold when exceeded the vehicle
is considered trusty. The evaluation of the proposed trust
model is done by simulations. Results show that this model is
an efficient and reliable solution to elect potential GLs.
The rest of the paper is organized as follows: Section II
presents some existing related works. Section III presents our
proposed Trust Model. In section IV, we show the resistance
of the proposed Trust Model against VANET security attacks.
Simulation results evaluating the performance of our scheme
are given in Section V. Finally, we conclude in section VI.
II.

RELATED WORKS

Several works investigated the trust within VANET [8]- [23].
Various techniques are used to establish trust in the network:
direct/indirect, centralized/distributed, proactive/reactive, data
centric/attribute.
Trust establishment approaches can be divided into
infrastructure based trust or self-organizing trust [8] . The
infrastructure models [9] [10] are based on certificates
provided to vehicles. While the self-organizing models
[11][12][13] are based on cooperation between vehicles and
built on direct, indirect or hybrid trust calculation. For the
infrastructure based trust, it could be centralized or distributed
trust management. The centralized management presents a
single point of failure while the distributed presents challenges
due to the lack of infrastructure, openness of wireless links
and the highly dynamic network topology [14]. Both models
are based on messages correlation or vehicles verification and
provide appropriate trust metrics values to vehicles. Based on
these trust metric values, nodes can be classified and a secure
and reliable communication is established between them in
VANET [15].
Similarity mining technique is used for identifying similar
messages or similar vehicles [16]-[20]. It is used to recognize
the trustworthiness of safety messages. Similarities from
different recommenders are used as weights for computing a
vehicle’s recommendation based reputation.
For the self-organizing (group formation) [21][22], it has the
ability to protect privacy, VANET users are anonymous
within groups but yet identifiable and accountable to their
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group managers. The use of groups simplifies the task of
building reputation and calculating trust in the received
messages in order to provide better and more confident
decisions. Also, it is used for electing the most appropriate
group leader by considering the trust value of vehicles.
The proposed solutions designed particularly for VANET
partially cover the security requirements [23]. In this paper,
we propose a Trust Model based on a secure architecture with
cluster formation and GL-based communication. This Trust
Model covers major security requirements mentioned in [23].
It is a combination between centralized and distributed
cooperation that preserves participants’ privacy and maintains
low network overhead. It’s a real-time processing which
provides an inherent secure environment that can mitigate the
potential attacks or minimize their duration on VANET [6].
III.

PROPOSED TRUST MODEL

We propose a secure and distributed public key infrastructure
for VANETs based on a hybrid Trust Model [6]. We adopt a
modular architecture defined in [7] and the group formation in
[5]. The proposed Trust Model is used to estimate the
corresponding trust metric values of participating vehicles. It
judges their trustworthiness. Trust metrics value is a
combination of direct and indirect calculation, centralized and
decentralized authorities and in multi-cases (normal mode or
in case of an alert). The node with highest trust metric value is
considered the trustiest and will be a potential Group Leader.
GLs have crucial roles as they are communicating directly
with specific management authorities.
Consider a group of vehicles within a geographical area of 300
meters radius circulating in a cooperative driving as shown in
Figure 1.

Figure 1.Vehicular groups

Each vehicle v monitors all its 1-hop neighbours. We define:
Tdv(i): “direct trust”, judgment of vehicle v on vehicle i.
Trv(i): “indirect or relative trust”, judgment of v on i based on
v’neighborhood opinions.
Ttotv(i): “total trust” of vehicle i calculated per v (based on
direct and indirect trust).
Tglob(i)0: initial “global trust” of vehicle i given by RSU for
newly cars entering VANET.
Tglob(i): “global trust” of vehicle i stored in RSU.
A. Scenario
A new vehicle i entering the geographical area will
authenticate to an RSU (for mutual authentication). It will get
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its certificate obtained from the CA (Certificate Authority) and
its initial trust Tglob(i)0 that will be modified following its
behaviour on the road. So it has Pui, Pri, Certi, Tglob (i)0. Where
Pui, Pri are respectively the public and the private keys of the
vehicle i, Certi is the certificate of vehicle i, Tglob(i)0 is the
initial “global trust” of vehicle i given by the RSU.
The new vehicle i will then join an existing group [5]. It will
get the public and private keys of this group Pugr, Prgr. It will
broadcast beacons for its neighbourhood. The vehicles in the
neighbourhood of vehicle i will add this car to their
Neighbourhood table and record its information in their
database. Beacon is issued normally every 100ms, a checker
every 2x100ms will update the Neighbour table about the
vehicle status (alive or not). The Neighbours table form is
shown in TABLE I below:
TABLE I.NEIGHBORHOOD TABLE
Neighbour ID
(Non-clear ID, for
privacy)

Contact Time
Time
for
first
beaconing message

Status
If still neighbour or not.
If not receiving from it since
t>2*100ms, remove from
this table to history table.

Each
vehicle
in
the
group
monitors
different
metrics/parameters. Certain parameters related to the
communication, others related to the transmission/reception of
a vehicle, some parameters given by the GPS or sensors,
others based on variables calculation. Such metrics can be
categorized into: critical, intermediate and optional. Based on
these parameters, the calculation of the trust metric of each
vehicle is done. This trust metric has a TTL (Time-To-Live)
because it is an important indicator in a rapidly changing
topology (VANET). It adapts the real-time connection status.
B. Direct Trust Computation:
The direct trust of each vehicle will be calculated by other
vehicles in two cases:
i.
Normal case: beacons are broadcasted between vehicles
each 100 ms; those vehicles are directly connected within
one hop.
ii.
Event Case: an event happens (emergency or warning
message broadcasts).
In this paper, we focus on Normal case and we present the
calculation of the trust metric.
I.
Normal case
The beacon is composed from: VID, current position, velocity,
status. Where VID stands for vehicular identity, current
position stands for its geographical position, velocity its
vehicle driving velocity and status. Td(i) the direct judgment
on vehicle i done by another vehicle will be calculated based
on the following equation:
() = ∏ ∝
(1)
Where αj is a weight factor and mj is the trust metric reflecting
one of the k parameters including:
• Active frequency: compute the number of received
messages from a vehicle every 100ms
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•
•

Velocity of a vehicle broadcasted in the beacon.
Transmission Power (TP): the greatest TP is, the closest
is the vehicle.
Number of confident neighbours Nv.
Internode distance di: the distance between the monitored
vehicle (i) and the monitoring (v). This distance has a
threshold dnorm (normal distance expected between two
consecutive vehicles). If the internode distance calculated
<< dnorm, vehicle i probably is a malicious one that wants
to cause an accident. Otherwise, if the internode distance
>> dnorm, i tries to slow the traffic to produce congestion.
Traffic rules obey: is a metric calculated for every vehicle
at each stop light and got from radar. Those includes:
o si: bypassing speed indicator. How often the
vehicle exceeded the speed limit.
o li: changing lane indicator.

•
•

•

Within the proposed Trust Model, the beacon is updated to
include the direct trust. Each vehicle broadcasts beacons
containing a list of calculated direct trust of all neighbours.
Receiving vehicles will register and use these direct trusts
later in their indirect trust calculations.
C. Indirect Trust Computation:
The indirect trust is based on the others opinions (the
neighborhoods of v). Thus Tr(i) is an average value calculated
based on all direct trusts of vehicle i received by v’s
neighborhood. Within each vehicle v, the indirect trust of a
neighbouring vehicle i, is calculated as follow:
()= ∑
()
(2)
Where j: vehicles neighbours to vehicle v.
N: set of beacons that contain the direct trust of (i), Td(i).
( ): direct trusts of (i) calculated by vehicles j, will
intervene in the calculation of indirect trust of vehicle (v) over
vehicle (i).
D. Total Trust Computation:
The total trust combines the direct and indirect trust for any
vehicle. The total trust is calculated at three levels: vehicle,
GL and RSU. The total trust basic usage is to define the
trustworthiness of a vehicle differently on each level.
Vehicle Level: the total trust of i calculated by v is given
by the following equation:
)∗ ( )
()=
(3)
∗ ( )+ ( −
Where 0.5<ß1<1, because each vehicle trusts more its proper
calculation.
Every vehicle v contains a database including the direct,
indirect and total trusts for all neighbouring vehicles i as
shown in TABLE II. i varies from 1 till n. n represents v
neighbours.
a.

TABLE II.TRUST DATABASE OF VEHICLE V
Vehicle
Td(i)
Tr(i)

Ttot(i)

i

Total Trust /v

Direct trust /v

Indirect trust/v
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At each iteration, old values within the trust database are
updated following the smoothing move procedure in the
following equation:
New value= α*new value + (1-α)*old value
(4)
Where 0.5<α <1.
Every vehicle v sends periodically (each 150ms) its
neighbouring vehicles total trust list Ttotv(i) to the GL which
in turn computes the average total trust of vehicles.
b.

GL Level: The average total trust for vehicle i calculated
by a GL, is computed as follow:
∑

()

() =
(5)
Where i: any vehicle within the GL radio range.
n: number of occurrence of vehicle i total trust within the GL
database.
( ) : is the total trust of vehicle i calculated by vehicle j.
The GL sorts periodically its trust list in descending order thus
the trusted vehicle is on top of the list. The GL each time
passing by an RSU, overloads intelligently the updated total
trust Ttotm(i) only. These vehicles average total trusts
participate in the potential GL election process in coordination
with the RSU (infrastructure). Therefore, once the GL decided
to leave the group, the first in the list (highest trust) will be a
GL potential candidate.
c.
-

RSU Level: For the i total trust computation, Tglob(i), two
cases occur:
Vehicle i belonging to one group: Tglob(i) = Ttotm(i)
calculated by one GL.
Vehicle i belonging to several groups: RSU calculates the
geometric mean of the Ttotm(i) received for this vehicle i
as in “(6),” (e.g. if i belongs to two groups then its Ttotm(i)
will be calculated by two GLs).
/

()= ∏
()
N: number of groups to which vehicle i belongs.

(6)

RSU (infrastructure) as big data-center will merge and update
these trust metrics using the smoothing move procedure
mentioned in “(4),” above and result a global trust metric for
each node. This global trust metric is used for node
trustworthiness evaluation.
IV.

EFFICENY OF THE PROPOSED TRUST MODEL

The proposed Trust Model presents many assets listed below:
- The model is a combination between centralized and
decentralized network and communication. The
centralization resides in the RSU and the security
infrastructure while for the decentralization it’s based on
vehicles and GLs cooperation. This strengthens the
solution because it eliminates the drawbacks of the
centralized models mainly the delay. The group formation
is one of the basic solution for these drawbacks; it is
adopted in this model [5][6] and lessens the delays due to
the periodical contact between vehicles and infrastructure
which cause an exhaustion of infrastructure resources.
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-

-

The security requirements are guaranteed by using: the
certificates, asymmetric keys (Pui, Pri) for authentication,
group keys (Pugr, Prgr) for anonymous signature (on behalf
of the group), while privacy is preserved by using
anonymous keys changing frequently offline[5][7].
Trustworthiness of participating nodes in VANET is
evaluated.
Security attacks are mitigated [6].
Stability and reasonable convergence of the system is
available for GL election.
V.

0.5 at the end of the simulation. All these values reflect
the real vehicles behavior. This is a snapshot taken from
our multi-cases simulation in medium mode.
0.9
0.8
0.7
0.6
0.5

SIMULATION RESULTS

For the simulation, we used GrooveNet v2.0.1 [24], an open
source hybrid simulator which integrates mobility and
network simulator. It simulates communication among
vehicles and has the capability to load a real street map form
Tiger / Line database. Multiple broadcast messages are
supported to mention the vehicle position for neighbors,
vehicle emergency and warning messages. To simulate our
proposed Trust Model, we added specific procedures to
calculate the trust metric of vehicles. Each simulation was run
for 15 minutes in sparse, medium and dense mode respectively
with 20, 50 and 100 circulating vehicles. As mentioned in
subsection III-B, we consider Normal case.
Initially, the vehicles are randomly positioned within a 0.2-0.5
km area around the 333 7th Ave, New York, location.
Interacting vehicles are allowed to move using the Car
Following Model (following their GL) within a maximum
distance of 1 km and to return to initial position using the
Sight Seeing Trip Model. The transmission range of vehicle
radio is 200 m. Vehicles are considered with initial global
trust Tglob(i)0 = 0.1. Group Leader is moving based on a
Uniform Speed Model varying ± 25% of the speed limit of the
mentioned street. During this simulation, the parameters
ß1and α1 for “(3),” and “(4),” are taken ß1=α1=0.7. Also,
without loss of generality, for “(1)”, we consider one of the k
parameters, which is the velocity of the vehicle.
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Total Trust v5
Total Trust v33

0.1
0

Total Trust v31

0

1.5

3

4.5

6

7.5

9

10.5 12 13.5 15

Time
Figure 2. Variation of Ttot(i) for 5 sample vehicles - medium mode

b.

Model-Group Formation: in Figure 3, we show that the
Trust Model security architecture (GL formation)
overcomes the PKI infrastructure in the network
overhead. We took an example of safety message
dissemination, at different snapshots within 15 minutes
duration. We noticed that in our model, the authenticated
vehicles within the same group disseminate directly these
safety messages without returning to the PKI
infrastructure to authenticate their neighbors.
Nbr of Transmitted Messages

In our simulation, we consider several scenarios to show the
efficiency of the proposed Trust Model:
Variation of Total Trust of vehicles: in Figure 2, we show
the Total Trust Ttot(i) variation of five vehicles spread
over the y-axis within a period of 15minutes relatively
spread on the x-axis. Vehicle total trust varies based on
the vehicle behavior within VANET. It starts with 0.1 and
can reach 0.9 for the most trusted vehicles. At time 0, all
vehicles (v5, 7, 31 and 33) started with Ttot(i)0 their initial
value 0.1, then the proposed model based on the
cooperation between vehicles calculates the updated trust
metric for these five vehicles based on their behavior. We
can notice for example, v7 after 4.5 minutes; its total trust
increased to 0.83 and remains unchanged due to its good
behavior until the end of the simulation. While for v5, its
total trust increases after 1.5minutes to 0.7 for a duration
of 10.5minutes then to increase to 0.76 then decrease to

Total Trust v7

0.3
0.2

2

a.

0.4

Trust Model

20 18

PKI infrastructure
15

12

12

9

10
3

5

9
4

3

12

9

1

3

3

4

4

12

13.5

0
1.5

3

6

7.5

9 10.5
Time

Figure 3.Comparison of transmitted messages/vehicle in PKI vs Trust
Model architecture

As example in Figure 3, after 6 minutes from the
simulation start, one of the vehicles had 4 neighbors, it
notifies them about the accident by sending 4 messages
exactly. While in PKI infrastructure, it should
authenticate first each neighbor with the RSU then send it
the safety message which result 3messages/vehicles in
total 12 messages for 4 neighbors.
c.

Model Behavior for GL Election: within our simulation,
we focus on the highest three trust value to elect the
candidate GL. Let us take 10 snapshots of the simulation
done above, in Figure 4 from minutes 5 till 15. In
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snapshot 3, potential GL1 is vehicle 20, the second
potential GL2 is vehicle 15 and the third is vehicle 17. At
snapshot 4, 5 and 6 the order remains the same which
means the same potentials GLs. At snapshot 7, a
reordering happens due to behavior changes, but
candidate GL1, vehicle 20 remains the pioneer till the end
of this simulation. The stability of the system in GL
election was clearly revealed within this simulation and
other ones. This reflects stability in GL behaviors within
VANET.
35
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30

VehicleID
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Figure 4.Candidate GLs

VI.

CONCLUSION

In this paper, we proposed a Trust Model based
on a secure architecture with cluster formation
and
GL-based
communication.
Through
simulations we showed how this model helps to
elect GLs. The trust metric is updated according to
the instantaneous behavior of the vehicles.
Future work will evaluate the proposed model
by
investigating
issues
like
specific
frequent
attacks
(Sybil,
Blackhole),
multi-groups
interaction and the case of an event.
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