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Abstract: - A new kind of critical applications, using Mobile Ad hoc networks, has appeared.  These 

applications such as vehicular or robotic ones are called Hard Real Time Applications. Their major requirement 

is to respect the real time constraints especially the deadlines on the treatment and the communication delay. 

However, providing real-time communication, with predictable delay, is a challenge because of the Ad Hoc 

network features, particularly the node’s mobility.  

In this paper, we propose a new medium access protocol (which we call: Opt-TDMA/DCR) for these hard 

real time applications. Our approach consists in a distributed protocol considering dynamic network topology 

with mobile nodes. It is based on the TDMA protocol which we optimize by reducing the TDMA frame size. 

The reduction of the slot number of the TDMA frame is made with the “modulo” function which is used to 

select slots for transmission. However, this will probably lead to collisions between nodes selecting the same 

slots. Hence, a deterministic collision resolution procedure will then be applied to make communication with 

distinct slots. In order to verify the respect of real time constraints by our protocol, we made a communication 

delay analysis in the worst case and in the average case.  

 

 

Key-Words: - mobile Ad Hoc networks, hard real time, TDMA, deterministic medium access protocol, 

communication delay 

 

1 Introduction 
Ad hoc wireless networks comprise sets of nodes 

connected by wireless links. The mobility of their 

nodes forms dynamic wireless network topologies. 

Those networks respond to the need of distributed 

and mobile applications without a fixed 

infrastructure. With the Ad Hoc research evolution, 

new application domains have been appeared such 

as real-time communication between mobile robots, 

medical wireless sensors and inter-vehicle [5]. For 

instance, critical safety vehicle applications need to 

establish hard real time communications with 

bounded delay between vehicles. Examples of delay 

critical safety applications are cooperative collision 

avoidance and crash warning, and abrupt obstacle 

avoidance [1]. In this context, communications are 

made between neighbor vehicles to ensure multi-

hop communication with ad hoc manner. For those 

mobile ad hoc applications, it is not easy to ensure 

hard-real time requirements because of the 

characteristics of such networks which are 

decentralized and with dynamic topologies [22]. 

Thus, the guarantee of the real-time constraints for 

those critical applications is a major concern to be 

considered. The most important real-time constraint 

is the end-to-end communication delay which 

should not exceed the deadline, for all cases, in 

order to avoid catastrophic situations (e.g., vehicle 

collision, etc.). 

For the Ad Hoc networks, the mostly used 

wireless technologies are IEEE 8O2.11 [12] and its 

enhancement IEEE 802.11p [10] which use the 

CSMA/CA (Carrier Sense Multiple Access with 

Collision Avoidance) medium access protocol. This 

latter is a probabilistic approach which not allows to 

predict, in all situations, the respect of deadline on 

communication delay. The major problem in this 

issue is the use of the appropriate medium access 

protocol which should be deterministic allowing the 

communication delay prediction. The most common 

solution to this specific problem is to use the TDMA 

(Time Division Multiple Access) medium access 
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protocol so that each node will have its separate slot 

time to not collide with other node communications 

and therefore we can easily estimate the 

communication delay. However, in the context of ad 

hoc networks especially with great number of nodes, 

the use of the global TDMA (a TDMA slot for each 

node of the network) creates a scalability problem. 

For that reason, most of the proposed TDMA 

enhanced protocols are based on dividing the 

TDMA frame into two main phases which are the 

control phase and the data phase. While the first 

phase is dedicated to the reservation of the slots, the 

second phase is dedicated for the data transmission 

in the reserved slots. In the control phase, some 

researchers propose the utilization of the contention-

based methods [16, 18, 21] such as CSMA/CA, 

which are not deterministic. Thus, in this paper, we 

propose a new approach that optimize TDMA slot 

allocation and make deterministic communication in 

all phases. The optimization is made by modulo 

function [13] so that the TDMA frame will have a 

limited number of slots. In this case, a collision can 

be occurred from nodes having selected the same 

slot. Moreover, the collisions cannot be avoided in 

all situations especially with ad hoc mobility 

feature. Thus, a deterministic resolution procedure is 

made to get only one node transmission in a slot 

time. To reach real-time constraints, our proposal 

allows the communication delay prediction with 

holistic analysis [1, 2, 3] of message response times.         

 The remainder of the paper is organized as 

follows. In Section 2, we give an overview of the 

TDMA approaches in the literature. Section 3 

describes our TDMA-based approach. Section 4 

presents the mathematical analysis model for 

communication delay. The evaluation will be 

discussed in section 5 and section 6 concludes the 

paper. 

 

2 TDMA Approaches in The Literature 
Several TDMA based approaches are defined for 

Ad Hoc networks. We classify them according to 

the manner that TDMA slot times are allocated (Fig. 

1). The major approach classes are those based on 

reservation phase to select the appropriate slot time 

for the data transmission which will be in the next 

TDMA phase. In the reservation phase, the medium 

access protocols are often probabilistic with random 

access (CSMA/CA, RTS/CTS, etc.) as in the 

wireless standard IEEE 802.11 [12]. As example of 

probabilistic slot reservation protocols, we have 

DynaMA, DTSR, RTMAC, DRAND, etc. Other 

approaches, as the forth Phases TDMA, are based 

on clustering in which cluster leader nodes are 

responsible for TDMA slot time allocation. 

Otherwise, the slot reservation can also be treated 

according to the elaborated routing path. This path 

reservation can be made relatively to the required 

QoS (Quality of Service) such as DDETS and 

RTTSA protocols. To consider the mobility features 

as the neighbor node’s change, some protocols have 

developed slot collision phase to resolve slot 

interference. This slot collision takes place when the 

same slot is assigned to different nodes which can 

happen if the nodes are initially far and, then move 

and became neighbors. Protocols of this type are 

ASAP, EASAP and DTSR. Finally, the class of 

deterministic approaches which are based on 

reservation phase using deterministic medium 

access protocol. It is designed for hard real-time 

communication with guaranteed delay. The 

ResPhase TDMA protocol is of this class.  In the 

following, we will detail TDMA protocols to better 

understand the techniques used for TDMA slot 

reservation in Ad Hoc networks. 

 

 

  TDMA  Ad Hoc  

DRAND, ASAP, RTTSA, 

DDETS 

RTMAC DynaMA , DTSR 

ASAP, EASAP, DTSR 

ResPhase TDMA 

RTTSA 

DDETSA, RTMAC 

A 

Forth phases TDMA  

Deterministic 

slot reservation 

phase  

probabilistic  

slot reservation  

With Clustering  According to 

routing path  

CSMA  RTS/CTS

S 

Specific  control  

messages 
Reactive 

Slot collision 

resolution  

 

Figure .1. TDMA based approaches classification 
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Firstly, we present probabilistic slot reservation 

approaches. DRAND [11] is a TDMA reservation 

method which is a distributed implementation of 

RAND (RANDomized time slot scheduling 

algorithm). It is designed for a wireless network 

where most nodes do not move such as mesh and 

sensor networks. This algorithm is based on rounds 

which are adjusted dynamically regarding the 

estimates of the network delays.  

DynaMAC [16] is a TDMA MAC protocol 

which can quickly adapt to changing topologies 

while guaranteeing real-time communication delay 

with high probability. In DynaMAC, time is divided 

into cycles (frames). The length of a cycle depends 

on the rate of the (CBR: Constant Based Rate) real-

time traffic that is to be supported. A cycle consists 

of a random phase and a scheduled phase. The 

random phase is accessed using CSMA. It is for 

exchanging control data like topology information 

and slot allocations. The scheduled phase is 

accessed according to the TDMA schedule from the 

reserved slots in the previous phase.  

In [21], the author proposes a Dynamic TDMA 

Slot Reservation (DTSR) Protocol which 

dynamically changes the frame length and the 

transmission schedule according to the one hop 

neighboring information and the bandwidth 

requirement. In this protocol, the frame structure 

consists of three parts which are the sensing 

window, the ATIM (Ad hoc Traffic Indication 

Messages) window and the communication window. 

The first part is used to find the free channels which 

can be used in the ATIM window which is the 

second part of the frame structure. This latter uses 

the IEEE 802.11 DCF mechanism to exchange 

control messages aiming to reserve slots in the 

communication window. In this third part of the 

frame, each time slot is used to transmit both the 

data packet and its acknowledgment (ACK).  

Secondly, we present protocols that allocate slots 

according to routing paths. The RTMAC (Real Time 

Medium Access Protocol) [18] is a reservation 

protocol for real time traffic in Ad hoc networks. It 

consists of two components which are a MAC layer 

protocol and a QoS routing protocol. The medium 

access protocol is a real time extension of the IEEE 

802.11 DCF and therefore it has a similar 

functioning principle. However, it includes a 

reservation protocol which is applied only for real-

time traffic. Thus, the real time packets have their 

own control packets which are ResvCTS, ResvRTS 

and ResvACK instead of CTS (Clear To Send), RTS 

(Ready To Send) and ACK (Acknowledgment) used 

by the best-effort packets and the wait time before 

transmission for the ResvRTS is half the one for 

RTS in order to give higher priority to real time 

packets.  

The authors in [7] propose a Distributed 

Dynamic End-to-end Scheduling Algorithm 

(DDETSA) which guarantees QoS requirements for 

multimedia traffic over Ad hoc networks. DDETSA 

is based on reserving the time slots for all the nodes 

in the path from the source to the destination node in 

such a way that multiple transmissions to the same 

node are assigned in different time slots in order to 

avoid collisions. The TDMA frame in this 

scheduling scheme is constructed locally in each 

node, basing on the received information from the 

neighbors.  

In [9], the authors propose a Reactive TDMA 

Time Slot Assignment (called: RTTSA) method in 

which time slot assignment is performed only when 

wireless multi-hop transmission is initiated. Thus, 

they propose a reactive assignment method in which 

a slot is assigned to only mobile computers included 

in an active wireless multihop transmission route. 

To assign slots, control messages are used. So, a 

node transmits a slot request message to its follow 

node which replays with slot reply message to make 

slot reservation.  

Thirdly, we present slot reservation approaches 

based on clustering. The approach presented in [4]  

(called : Forth phases TDMA) is a fully dynamic 

and self-stabilizing TDMA scheme based on three 

control phases and one data phase in which the 

communication is performed. For that, the time is 

arranged as slots and each phase has a fixed number 

of time slots called sub-slots. It incorporates the 

principle of the cluster leaders. In fact, each cluster 

leader is assigned a block of slots which it uses to 

perform tasks such as slot assignment, reclamation 

and re-assignment. The idea of this approach is that 

the leader node, which has been selected in the first 

phase and has obtained its own slot in the second 

phase, can guide the other nodes by providing 

feedback about the state of the slots in the third 

phase. Based on this feedback, the nodes can 

communicate their messages in the fourth and last 

phase. 

Fourthly, we explain approaches which define a 

slot collision resolution phase due to mobility.  

ASAP (Adaptive Slot Assignment Protocol) [3] and 

its extension E-ASAP (Extended ASAP) [2] are a 

TDMA slot assignment protocol to improve the 
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channel utilization by considering the node 

mobility. To obtain the slot assignment information 

in the contention area, a new node collects 

Information packets (noted: INFs) transmitted by its 

neighbors and sets its frame length as the maximum 

frame length among all nodes in its contention area. 

Then, the new node selects a slot assigned by 

getting an unassigned slot or doubling the frame if 

no unassigned slot is found. In ASAP, a collision 

can occur due to the conflict of slot assignment 

when a new node connects to equal or more than 

two nodes to which the same slots are assigned. 

However, in this situation, the new node can fail to 

collect the INFs due to their collisions. A 

retransmission of the INFs will be after waiting for 

randomly determined frames. This operation is 

repeated until the new node completes the collection 

of INFs from its all neighbors. So, it will get the 

unsigned slot for the transmission of the new node.   

Finaly, we give details of protocols with 

deterministic slot reservation phase. In [24] and in 

the section five of [14], a specific TDMA approach 

with reservation phase (which we called: ResPhase 

TDMA) is proposed for the ad hoc networks. The 

TDMA frame is composed of two phases: the 

control phase and the data phase. Each node has its 

own slot in the control phase and it uses it to 

transmit the control information (the number of slots 

in the first phase is equal to the number of nodes in 

the network). In this phase, a node broadcast control 

message if it has a data message to send. From the 

broadcasted control messages, the second data phase 

will accordingly allocate slots for data transmission. 

 
Figure.2. TDMA Frame Phases    [14] 

 

As we consider hard real-time context, the 

communication delay must be lower that deadline 

constraints. So, delay must be predicted even in the 

worst case. The deterministic aspect is essential to 

be considered in protocols to predict the 

communication delay. This restricts the approaches 

to be considered. Therefore, probabilistic slot 

reservation protocols are not suitable for hard real 

time communications because the time to transmit a 

message can’t be known in advance for all 

situations. The approaches based on slot allocation, 

according to routing paths, are to be eliminated 

because we are convinced that medium access layer 

(or sub-layer) treatment should be separated from 

network layer (routing layer). In fact, medium 

access protocols can be applied, independently, for 

different routing protocols. The clustering 

approaches are limited for fast mobile nodes, 

especially, for the cluster leader which will slow-

down communication delay with long time periods 

of making new clusters. 

The pertinent approaches for hard real-time are 

the ones based on deterministic slot reservation 

phase. Moreover, the slot collision resolution 

approach is necessary to be considered for the 

mobility feature. So, from these notes, we propose a 

new protocol with deterministic slot reservation and 

slot collision resolution phase.         

            

3 Our TDMA-Based Approach 
In this section, we first present the TDMA frame 

size reduction approach with the modulo function. 

Secondly, we give an overall of our approach with 

the definition of the super-frame structure for 

different phases which are essential for transmission 

and collision resolution. According to the reduction 

of TDMA transmission frame, collisions can be 

occurred, so, in the third sub-section, we detail the 

procedure of collision resolution. In the forth sub-

section, we give our protocol modeling with UML 

activity diagrams.     
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3.1 TDMA frame reduction with “modulo” 

function 

Our approach is based on TDMA (Time Division 

Multiple Access) access method which is suitable 

for a deterministic communications. However, 

allocating a separate TDMA slot for each Ad hoc 

node in the network will lead to a large number of 

required TDMA slots and, therefore, the TDMA 

frame length will be long. Hence, we should 

minimize the number of slots without losing the 

deterministic aspect of communication. 

To reduce the number of TDMA slots, we use 

the “modulo” function (is the remainder of the 

Euclidean division). In fact, the position of the 

TDMA slot is the result of the node’s identifier 

“modulo” the length of the TDMA frame called 

“Transmission TDMA Frame”. This first frame 

(also called: FR1) provides a data communication 

within a fixed number of slots called NS1. For that 

reason, nodes select their transmission slot times, of 

the first TDMA frame “FR1”, according to the 

result of the “modulo” formula (1).  

 

NSloti  = Ni  mod NS1    (1) 

 

With mod is the modulo operator  where a mod n 

is the remainder of the  Euclidean division of a by n,  

NS1 is the number of slots in the first TDMA frame 

(Transmission TDMA Frame), Ni  is the node 

identifier (logical number) and  NSloti  is the 

position of the selected slot for the node i  in the 

first Frame. For example, if a node has an identifier 

number which is equal to 95 (Ni=95) and if the 

number of slots in the first frame (with length NS1) 

is equal to 10, we will get a slot time position which 

is equal to 5 (from equation 1, we have: 5 = 95 mod 

10) for this node.   

The selection of the slot time with the “modulo” 

function will lead to reduce the TDMA frame length 

and get a scalable value of the TDMA slots number.  

However, this can lead to make collision if two 

nodes get the same result value of the “modulo” 

function. For example, if the nodes have the 

respective identifier numbers 95 and 5 with NS1 

equal 10, they will get the same slot time value 5 

which will cause collision. 

 

3.2 The OPT-TDMA/DCR super-frame 

structure 

While the TDMA communication using the 

“modulo” function (OPT-TDMA/DCR) reduces the 

communication delay and allows the nodes to select 

different slots, it is not completely free of collision. 

This issue should be resolved, especially for hard 

real time communications. For that reason, in the 

case of collisions, we add a second TDMA frame in 

order to resolve them. This additional frame consists 

of so many sub-frames which are the “access” sub-

frame, the “End Of Frame” sub-frame and the 

“Resolution Collision” sub-frames whose number is 

equal to the number of the occurred collisions in the 

Transmission frame.  While the access sub-frame 

allows the colliding nodes to inform each other 

about their collisions and the appropriate order, the 

“End Of Frame” marks the end of resolution of 

collisions and, therefore, the end of the TDMA 

super-frame. 
 

 

 

f1                    

 

  

 

 

 

f2                ………     EOF 

 

Data ACK 

Transmission frame (FR1) 

Collision Resolution frame 

Informing Collision Frame End Of frame 

Collision Resolution sub-frames (FR2) 
 

Figure .3.  The Opt-TDMA/DCR super-frame structure 
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Since the number of the “Collision Resolution” 

sub-frames is variable and, therefore, the TDMA 

super-frame length is not constant, we will have a 

synchronization problem. For that reason, we use 

two frequency values and further two waiting 

queues. The first frequency (noted: f1) is used for 

the transmission TDMA frame and the second 

frequency (noted: f2) is used to resolve the occurred 

collisions by the second TDMA frame. The obtained 

TDMA super-frame structure is presented in Fig.3. 

 

3.3 Collision Detection and resolution 

In the wireless networks, unlike the wired ones, 

we cannot implement a direct mechanism to detect 

collisions. Thus, we should use the acknowledgment 

in order to check if the communication between the 

source and the destination has been achieved 

without collisions. In fact, if a transmitter does not 

receive an acknowledgment, it considers that a 

collision has been occurred. For that reason, each 

slot time is divided into two sub-slots. The first one 

is used to transmit data and the second to send back 

the acknowledgement (Figure 2). Thus, if we have 

sent data in the first sub-slot without receiving an 

acknowledgement in the second sub-slot of the same 

slot, we conclude that a collision has been occurred. 

In this case, we apply a collision resolution 

procedure which will be described in the following 

subsections. 

 

3.3.1 A single collision resolution Procedure 

In the first TDMA frame (Transmission Frame), 

the nodes, which have to send data, select the time 

slot to send according to the “modulo” formula (1). 

However, a collision can happen if two nodes obtain 

the same formula result and, therefore, send their 

messages in the same slot. In this case, we add a 

second TDMA frame (called: TDMA Collision 

Resolution Frame) in the same TDMA super frame 

as shown in figure 4.  

In the TDMA Collision Resolution Frame, the 

nodes in collision should select other different slots. 

This can be provided if we change the value of the 

number of slots NS1 by another value NS2 in the 

Equation (1). For that, the second TDMA frame will 

have NS2 slots instead of NS1 for the first frame. 

For example, the nodes having respectively the 

identifiers 95 and 5, which got the same result of the 

slot position (5) with NS1=10, can select a different 

slots if we consider NS2=11 instead of NS1=10. In 

fact, the first node will obtain the slot “7” (95 mod 

11) as result from Eq. (1) and the second node will 

obtain the slot “5” (5 mod 11). So, the collision will 

be resolved. 

In order to select the appropriate TDMA 

Collision Resolution frame length (NS2), which 

avoids that the collision takes place again, we 

consider the properties 1 and 2. The selected slot 

time in the Collision Resolution frame is with 

modulo function as Eq. (1). However, in the second 

frame, we consider different TDMA frame length 

(NS2) to get different selected slot times from the 

first frame.   

 

Property 1: A collision takes place if at least two 

nodes Ni and Nj obtain the same result of the 

“modulo” formula (1), as shown in the following 

formula: 

11 modmod  NS N NSN ji     (2) 

 

Property 2: If a collision happens between two 

nodes in the first frame (Transmission Frame), it 

will be resolved by the second frame (called: 

Collision Resolution frame) verifying the conditions 

of the following equation: 

NNSNS 21   and  1),( 21 NSNSGCD              

(3) 

With GCD function is the Greatest Common 

Divisor, N  is the number of nodes (the node 

identifier (Ni) vary from 1 to N), NS1 is the number 

of slots (Frame length) of the first frame and  NS2  is  

the number of slots (Frame length) of the second 

frame.

 

 

  

 

            

 
Fr1  with size NS1 Fr2  with size NS2 

N1 N2 N1 N2 

 

Figure.4.   Single collision resolution procedure 

 

Proof:  

We make a proof by contradiction, so we assume 

that a collision takes place in the first (size NS1) and 

in the second (size NS2) frames for the nodes Ni 

and Nj. Thus from the property 1: 

11 modmod  NS N NSN ji and 

22 modmod  NS N NSN ji  

 => 2111 QNSNQNSN ji  and 

4232 QNSNQNSN ji , where Q1 , Q2, Q3 
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et Q4 are the quotients of the Euclidean divisions 

respectively of Ni by NS1,  Nj by NS1 , Ni by NS2 and  

Nj by NS2.  

=>
)(

)(

432

211

QQNSNN

QQNSNN

ji

ji
,  

so: ) ( ji NN is multiple of NS1 and NS2. 

From the property 2, we have 

1),( 21 NSNSGCD . Thus: 

 ) ( 21 BNSNSNN ji , B  . Also, from 

the same property 2, we have  NNSNS 21  , so: 

NNN ji ) (  which is not correct because the 

logical identifier of the node is lower than the 

number of nodes: NN i    and NN j    

NNN ji ) ( . From this contradiction, the 

initial assumption is not correct. So, we conclude 

that if a collision takes place in the first frame, it 

will not be in the second frame which we called a 

collision resolution frame.           □ 

 

Property 3 (Generalization of Property 2): In the 

case that the collision takes place between more 

than two nodes in the same slot. The issue will be 

resolved in the second TDMA frame (Same 

reasoning as in property 2). 

If a collision happened in one slot from the first 

TDMA frame, we are sure that it will not happen in 

the second TDMA frame. However, if a collision 

happens in more than one slot time, we cannot be 

sure that the second TDMA frame resolves the 

issue, as shown in the fig.5. In fact, we consider the 

case in which the node N1 and the node N2 have 

selected the same slot in the first TDMA frame of 

the TDMA super-frame, and at the same time, the 

nodes N3 and N4 have also selected the same slot. In 

the second TDMA frame, the nodes N1 and N3 can 

select the same slot. Thus, a collision will happen 

again. In such cases and as a general collision 

resolution problem, we define a multiple collision 

resolution procedure. 

 
 

  

                     

 

N1 N2 N4

 

N2 N3 N1 N4 N3 

First Frame (Fr1) Second Frame (Fr2) 
 

Figure.5.  The case of two different collisions in the 

same TDMA frame 

 

3.3.2 A single collision resolution Procedure 

For the problem of multiple collisions in the first 

TDMA frame, we propose to solve the happened 

collisions consecutively. Thus, in the second TDMA 

frame (Collision Resolution TDMA frame), we 

define a TDMA sub-frame for each collision 

resolution as to consider a single collision resolution 

at each time. So, in Fig. 6, the first collision (C1) 

between N1 and N2 will be resolved at the first sub-

frame of the TDMA resolution frame. Then, the 

second sub-frame will resolve the collision (C2) 

between N3 and N4. 

 
 

 

 

 

 

                       

N3 N1 N2 N4 N1 N2 N3 N4 

Subframe (size NS2)  for 

the collision C1 

 

Subframe  for the 

colision   C2 

 

C1 C2 

First Frame (FR1) :  

Transmission frame  

(size:NS1) 

 

Second  Frame (FR2) : Collision resolution 

frame 

 

 
Figure.6.   Multiple collision resolution procedure   

 

4 Mathematical analysis model 
In this section, we use a holistic analysis [15, 17, 

19, 20, 23] in order to determine the response time 

(noted: Ri) of the traffics. The response time is the 

accumulation of the waiting time in the queue 

(noted: Wi) and the service time (noted Ci). Hence: 

iii WCR       (4) 

In a network, a message mi waits in the queue 

during Wi and then will be transmitted according to 

medium access protocol during of a Ci time. In order 

to calculate the waiting time of a message mi, we 

assume that we can predict the number of messages 

of each traffic which comes in the queue before the 

current message mi.  

As we consider worst case analysis for real-time 

communications, we rely on the assumption of 

theorem 6 in the well known work by Liu [6]. In this 

case, the waiting time of a message mi, which comes 

at the instant t, depends on the service time of the 

previous messages which are already in the queue. 

For that reason, we try to predict the number of 

messages of the traffic j (noted : Nj(t) ) which will 

be served before the message mi. Moreover, this 

message is also delayed by the messages of its type 

of traffic having the number N*
i(t) . So, we define 

the waiting time of the message mi at the instant t ( 

Wi(t) ) as the cumulative workload  for the previous 

traffics. Thus, 
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,
 (5) 

     

With msg is the set of traffic, Cj is the service 

(transmission) time of a message from the traffic j 

and Wi(t) is a sequence which converges when Wi(t) 

= t [15].  At this instant, we can conclude that the 

sequence converges and the Cumulative Workload is 

finished. This instant is the instant in which we have 

no longer messages in the queue before the message 

mi and, therefore, the message will be served. 

 

4.1 General Formula of response time in OPT-

TDMA/DCR 

Our medium access method consists of 2 frames 

(Transmission frame and Collision Resolution 

frame) which are successively handled with two 

independent frequencies. So, our model consists of 

two queues (fig. 9). The first one is considered for 

the transmission frame and the second queue is for 

the collision resolution frame. 

 
 

      

 

 

      

 

Transmission 

Collision  Resolution 

CT 

CR 

WT 

WR 

 
Figure.9. Queue model 

 

According to this modelling, the response time of 

the traffic i is given by the following formula: 
R

i

T

ii RRR                   (7) 

With  Ri
T
 is the response time in the transmission 

frame and Ri
R
 is the response time in the collision 

resolution frame. In each queue, we apply the same 

analytical model as Equation 4. So, 

R

i

R

i

R

i

T

i

T

i

T

i

WCR

WCR
       (8) 

With  Ci
T
  is the transmission (service) time in 

the transmission frame, Wi
T
  is the waiting time in 

the queue in the transmission frame, Ci
R
 is the 

transmission (service) time in the Collision 

Resolution frame and Wi
R is the waiting time in the 

queue in the Collision Resolution frame. 

In the next sections, we will determine the 

waiting times and transmission times in the worst 

case and in the average case.  

 

 

 

4.2 Transmission time in the worst case 

Since, we use the TDMA based medium access 

method in the transmission frame; in the worst case, 

a node waits for a whole transmission frame to get 

its transmission slot. So, the transmission time Ci
T 

 is 

equal to: 

slotm

T

i tNSC 1   (9) 

With tslotm is the TDMA slot time to transmit a 

full message and NS1 is the number of slots in the 

TDMA transmission frame. 

To compute the transmission time in the 

Collision Resolution frame (Ci
R
), firstly, we must 

predict the number of Collision Resolution sub-

frames. Secondly, we compute the sizes of the 

Informing Collision Frame and the End Of Frame 

(See Fig. 3). 

We assume that the node Ni has Nv
i
 neighbors. 

The maximum number of collisions is obtained 

when the nodes cause more collisions which take 

place separately by every two nodes. In this case, 

we will have the maximum number of collisions 

Nbi
col which is the half of the number of neighbors, 

as shown in equation 10. 

2

i

vi

col

N
Nb           (10) 

In this case, the Collision Resolution sub-frame 

FR2 (with NS2 slots) will be repeated Nbi
col times for 

each collision. So, it takes (NS2 × Nbi
col) slot times. 

Furthermore, we must consider the informing 

collision frame with NS1 slots and the end of frame 

with NS1 slots. So, the transmission time in the 

frame FR2 (Ci
R
) for the node i, in the worst case, is 

given by the equation 11. 

slotAslotm

i

col

R

i tNStNbNSC )2()( 12   (11) 

With tslotm is the TDMA slot time to transmit a 

full message and tslotA is the TDMA slot time to 

transmit a JAM message for the informing collision 

frame and the TDMA silent slots for the end of 

frame. 

 

4.3 Average transmission time according to the 

probability of collision 

In order to determine the average value of the 

response time Ri  (from equation 8), we should 

compute the values of the transmission times Ci
T
 

and Ci
R
 as well as the values of the response time 

Wi
T
 and Wi

R
. 

The average value of the transmission time in the 

transmission frame (Ci
T) is given by the half of the 
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TDMA frame size which represents the average of 

selected slot. So: 

slotm

T

i t
NS

C
2

1    

 (12) 

With tslotm is the TDMA slot time to transmit a 

full message. 

The average value of the transmission time in the 

collision resolution frame is noted Ci
R
. If we 

consider that we have j nodes in collision, the 

collision resolution of the message mi will be after 

Ci
R
(j coll) .  In fact, we have the Informing Collision 

Frame with (NS1 × tslotA) followed by j collision 

resolution sub-frames (The collisions are resolved 

one by one) with the size value of NS2. Since we 

talk about the average case, the collision resolution 

and the transmission of the message will be after 

(NS2 ×j)/2  slots. Hence: 

0coll) 0(

  
2

) (  ,0 2
1

R

i

slotmslotA

R

i

C

t
jNS

tNScolljCj

   (13) 

 

In the case of 0 collisions, the collision 

resolution phase is not invoked. For that reason, the 

transmission time of this phase is null (Ci
R
(0 coll)=0 

). The collision resolution time Ci
R
 of the message 

mi is determined according to the number of nodes 

in collision. This number is limited by the number 

of neighbours Nv. Relative to the probability of 

collision P(j coll) between j nodes, the average 

value of Ci
R
  will be computed by the following: 

) () (
1,0

colljCcolljPC R

i

N

jj

R

i

V

  (14) 

 
Lemma: Probability to have collisions between j 

nodes in a neighbourhood of Nv  nodes for a TDMA 

frame having NS1 slots: 

1

12

1 122

(    ) 

(min( , )

(min( , ) ( )

V

V V

V

jj

N

N Nk k
N VNSk

p coll between j nodes

C NSS NS

C NSS NS A NS N

(15) 

With
0  1)(

0  0)(

xifx

xifx
, and 

k

l

l

NSCkNSS
1 1

)( . 

 

With 
j

NV
C  is the combination which computes 

the number of ways of picking  

j unordered outcomes from NV possibilities. VN

NSA
1

 is 

the arrangement which computes the number of 

ways of picking  Nv  ordered outcomes 

from NS1 possibilities. NSS(K)  is the number of 

possibility to select k slots among NS1. 

 

Proof: 

Firstly, we proof the NSS(k) expression used in the 

global formula (equation 15). So, to select k slots 

among NS1 ones, we use the combination 
l

NSV
C and 

we vary l from 1 to k so that we consider all the 

possibilities until the maximum number k.  Thus, the 

possibility to select k slots among NS1 ones is given 

by the following formula: 
k

l

l

NSCkNSS
1 1

)( . 

Then, the probability of  j  nodes in collision 

(equation 15) is, by definition, equal to the number 

of the possibilities that j nodes are in collision when 

allocating the slots (term1)  divided by the total 

number of all possibilities of collisions when 

allocating the slots (term2). So: 

2

1 )   (
term

term
nodesjbetweencollp . We start by 

proving (term1), then we will prove (term2). 

 

 Proof of (term1)  :  

If we consider j nodes in collision, we have 

),(min( 12
NSNSSC

jj

NV
 possibilities of the slots 

allocation. Indeed, we firstly select j nodes to be in 

collision among the set of neighbours having the 

cardinality Nv (which gives 
j

NV
C ). Secondly, for 

each selected node, we search for the slots in which 

we can have j nodes in collision. The number of the 

selected slots of the collisions is equal at most to
2

j
 

(since each collision requires at least 2 nodes in 

collision). Furthermore, this number cannot exceed 

the number of the slots N1 of the frame. Hence, the 

number of the possibilities that we select slots with j 

collisions is equal to ),(min( 12
NSNSS

j
. 

 

 Proof of (term2):  

We should search for all the possibilities of the slots 

allocation relative to collisions. Thus, we can have 

from 0 to NV  possible nodes with collisions. For 0 

collisions, we should select N1 different slots for 

each node in the set of neighbours (NV) which 

gives VN

NSA
1

. Moreover, we should assume 
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that VNNS1 . Otherwise, the consideration of 0 

collisions is not possible because some nodes will 

necessary select the same slot. Hence, we obtain the 

following expression: )( 11 V

N

NS NNSA V  . We 

should also consider, in term2, the possibilities of 2 

until NV nodes in collision. Thus, we will have (like 

in term1) the following expression: 

V

V

N

k

kk

N NSNSSC
2 12

),(min(  . Hence, we obtain 

the equation 15 of the lemma with the proof of the 

expressions term1 and term2.           □ 

 

4.4 Waiting time 

To determine Wi
R
 and Wi

T
, we refer to the 

mathematical model of the section 4.1 . The waiting 

times of the transmission frame (Wi
T
) and the 

Collision Resolution frame (Wi
R
) are determined by 

the Equation 5. Thus: 

  CtNCtNtW T

i

T

iijmsgj

T

j

T

j

T

i )()()( *

,
, 

    

  CtNCtNtW R

i

R

iijmsgj

R

j

R

j

R

i )()()( *

,
 

       (16) 

 

During the transmission frame, we assume that 

the traffic arrivals are periodic (Ti is the inter-arrival 

period of the traffic i). The calculation of the 

number of arrivals Nj
T
 and Ni

T*
 is presented as in 

equation 6. 

However, the arrivals in the queue of the 

Collision Resolution (Wi
R
) are not periodic because 

of the delay caused by the transmission queue which 

injects the outgoing traffic (Fig. 8). The average 

period of the inter-arrivals of the traffic i (noted: Ti’) 

depends on the first queue. In fact, in the case of 

collision ( .) (1 .)( collnopcollp ), the outgoing 

traffic from the transmission queue will be injected 

in the second queue of the Collision Resolution with 

a delay which does not exceed the time period Ti. 

Thus, the minimum value of Ti’ is Ti. This inter-

arrival period will be multiplied each time (k*Ti) if 

there is no collision ( .) ( collnop k
). Indeed, 

without collision, we have not outgoing traffic from 

the first queue (Fig. 8). Thus: 
'

1

1 (  .)

         (  .)

i i

k
ik

T p no coll T

k T p no coll
  (17) 

 

With .) ( collnop the probability that we have 

not collisions between nodes in the neighbourhood 

of Nv nodes in the transmission frame (NS1 slots). 

So: 

VN
NS

NS
collnop

1

1.) (         (18) 

 

5 Evaluation 
Our approach are evaluated by simulation based 

on the presented formulas, we will compare it with 

two other major approaches which are the global 

TDMA approach and the TDMA approach with the 

reservation phase [14]. In this comparison, we 

consider the variation of the delay according to the 

number of nodes in the network in one hand and the 

packet size in the other hand. Then, we will analyze 

the end-to end delay given by our protocol Opt-

TDMA/DCR when varying the ratio between frame 

sizes NS1 and NS2 associated respectively to 

transmission frame and collision resolution frames. 

While the worst case is more interesting when 

talking about the hard real time communications, we 

will consider also the average case since it gives us 

an idea about the communication delay in most of 

the time. 

Thus, this section is divided in three principle 

subsections which are the comparison of the 

communication delay in the worst case, the 

comparison of the communication delay in the 

average case and the comparison according to the 

frames length. 

 

5.1 Comparison between Opt-TDMA/DCR and 

the other approaches in the worst case 

We start by giving the delay formulas for each 

approach (Global TDMA, TDMA with reservation 

phase and Opt-TDMA/DCR) in the worst case. 

Then, we present the comparison of the delay using 

these approaches. 

 

5.1.2. Comparison according to the number of 

nodes in the network  

In this section, we aim to compare the end-to-end 

delay of our approach and the other ones according 

to the number of nodes in the Ad hoc network. 

Hence, we consider that the number of neighbors is 

equal to 5 and we vary the total number of nodes in 

the network. We note that we vary frame lengths 

NS1 and NS2 with the total number of nodes N such 

as 11 NNS   and   NNS2   according 

to the property 1. The obtained results are 

represented in Fig. 10. 
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Figure.10. Comparison in the worst case according 

to the number of nodes 

 

We observe that the delay offered by our 

approach Opt-TDMA/DCR is lower than the delay 

offered by the other approaches, except for small 

networks with less than 65 nodes in which The 

TDMA approach with a reservation phase offers a 

lower delay. Thus, in a small network, for 

“ResPhase TDMA”, a reservation phase is too small 

so that most of the bandwidth is used to transmit 

data. 

The effectiveness of our approach reveals itself 

most vividly in the case of a large number of nodes 

in the Ad hoc network. For small networks, the 

benefit of our Opt-TDMA/DCR approach is not 

justified in the worst case because it presents 

additional frames if there are collisions. However, 

the interest of our approach for this kind of 

networks looks better in the average case (see 

section 4.2). 

 

5.1.3. Comparison according to the number of 

neighbors   

We want to confirm the previous results about 

the delay with varying the number of neighbours in 

the network. Hence, we consider that the total 

number of nodes is equal to 225 (frame sizes are: 

NS1=17, NS2=6). We vary the number of 

neighbours, so the results are represented in Fig 11. 

Figure 11 shows that Opt-TDMA/DCR offers a 

lower delay when the maximum number of 

neighbors is lower than 23 relatively to the total of 

225 nodes. We can conclude that in most realistic 

cases, it performs interesting results. 

In the general case, our approach reduces the 

number of the reserved transmission slots compared 

to the other approaches. This affects the 

communication delay in the network having a large 

number of nodes. Thus, the effectiveness of our 

approach reveals itself if a number of neighbors is 

much lower than the number of nodes in the 

network. Indeed, the transmission frame is followed 

by a collision resolution frame that will be of lower 

size especially if the number of collisions is low. 

Therefore, the number of collisions depends itself 

on the number of neighbours.  

 

 
Figure.11. Comparison according to the number of 

neighbors in the worst case 

 

5.1.4. Comparison according to packet size 

In this section, we aim to study the impact of the 

packet size on the effectiveness of our approach. 

Hence, we consider that the total number of nodes is 

equal to 361 (frame sizes are: NS1=20, NS2=19), the 

number of neighbours is equal to 5 and we vary the 

packet size (consequently the transmission time slot 

tslotm). The obtained results are represented in Fig.12. 

 

 
Figure.12. Comparison in the worst case according 

to the packet size 

 

We observe that Opt-TDMA/DCR offers a better 

delay when a packet size is lower than 1024 bytes. 

In fact, the collision resolution frame (FR2) in our 

approach (Opt-TDMA/DCR) is more influential 

since we adjust the slot time according to the packet 

size. Thus, when a packet size exceeds 1024, the 

ResPhase TDMA method offers a better delay. 

However, in real context of real time traffic, it is 

realistic to get packets length less than 1024 bytes. 
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The TDMA approaches having a reservation 

phase appear interesting for packets having a large 

size. In that case, the reservation phase used in such 

approaches will be relatively low comparing with 

the transmission phase. In the opposite case, for 

packets size lower than 1024 bytes, our approach 

offers best delay results. Moreover, as much the 

packet size is low as the communication delay is 

interesting. For hard real time applications, in 

particular for industrial ones, the messages have 

most of the time a low size. 

In this section, we compared the delay between 

our approach and the other approaches in the worst 

case which is very important for hard real time 

traffic. The results show that OPT-TDMA/DCR 

gives better communication delay values. 

However, the worst case happens rarely and most 

of the time, the network doesn’t attend these results. 

For that reason, it would be interesting to compare 

them also in the average case. 

 

5.2 Comparison in the average case 

 

5.2.1 Comparison according to the number of 

nodes in the network  

We consider the same simulation parameters as 

the previous section. We vary the total number of 

nodes of the network and we observe the resulting 

delay (Fig. 12). We select the frame sizes NS1 and 

NS2 according to the total node number N such as: 

11 NNS   and   NNS2 . 

 

 
Figure.13. Comparison in the average case 

according to the number of nodes 

 

We observe that the average delay offered by our 

approach (Opt-TDMA/DCR) is considerably lower 

and more stable than the other approaches. 

Moreover, more the number of nodes increases in 

the Ad hoc network, more our approach offers a 

better delay results compared to the other 

approaches in which the delay increases 

significantly. This is due to the reduction of the 

number of slots in the transmission frame (FR1) 

which consequently reduces the delay. 

 

5.2.2 Comparison according to the number of 

neighbors   

In this section, we consider that the total number 

of nodes is equal to 225 and frame sizes NS1=17 and 

NS2=6. We vary the maximum number of 

neighbours. The obtained results are represented in 

Fig. 14. 

 

 
Figure.14. Comparison in the average case 

according to the number of neighbors 

 

Even by varying the maximum number of 

neighbours, until 87, our approach stays interesting. 

The increasing of the delay according to the number 

of nodes is notably lower than the other approaches 

(The slope is higher for the other approaches).  

 

 
Figure.15. Comparison in the average case 

according to the packet size 

 

5.2.3 Comparison according to packet size    

We consider that the total number of nodes is 

equal to 361 and frame sizes NS1=20 and NS2=19. 

We vary the value of the packet size (the 

transmission time slot tslotm). The obtained results are 

represented in Fig.15. In all situations, unlike the 
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worst case, Opt-TDMA/DCR offers a better delay 

which is notably lower and more stable than the 

other approaches, regardless of the packet size and 

the time slot values. 

 

6 Conclusion 
The Hard real-time communication over Ad Hoc 

networks has got a lot of attentions recently. The 

researchers focus, especially, on the guarantee of the 

end-to-end delay since it is the most important 

requirement for the real-time applications. This is 

not an easy task because of the possibility of 

collision. In this paper, we have proposed an 

Optimized TDMA Deterministic Collision 

Resolution Approach for Hard Real-Time Mobile 

Ad hoc Networks (Opt-TDMA/DCR) which is 

based on the TDMA medium access method. In 

order to select the TDMA slots, we use the 

“modulo” operator. However, a collision can occur 

even when using this TDMA method. Hence, we 

resolve this issue deterministically by using a 

Collision Resolution Frame which is, a TDMA sub-

frame, used only in the case of collisions in order to 

resolve them. For the real-time constraint validation, 

we give mathematical analysis which predicts the 

communication response time.       

We have evaluated our approach by comparing it 

with the other ones which are the global TDMA and 

the TDMA using a reservation phase. We have 

started by comparing the end-to-end delay in the 

worst case since our approach is dedicated for the 

Hard Real Time applications. The results showed 

that our approach is more affective in the case of a 

large number of nodes for the Ad Hoc networks.  

However, the worst case occurs rarely and in most 

of the time we have different end-to-end delay 

values. For that reason, we have also compared our 

approach with the others, in the average case, which 

give us an idea about the frequent delay values. The 

results showed that our approach offers a lower 

communication delay.  

Thus in all cases, we conclude that our proposed 

medium access protocol Opt-TDMA/DCR offers 

lower communication latency and it gives a 

predictable time analysis which is the most critical 

requirement for the Hard Real Time applications. 

Hence, it is very interesting for this kind of 

applications. 

 

References: 

 

[1] Arnaud Casteigts, Amiya Nayak and Ivan 

Stojmenovic, “Communication protocols for 

vehicular ad hoc networks”, in the journal 

of Wireless Communication and Mobile 

Computing, 2011; 11:567–582.  

[2]  Akimitsu Kanzaki , Takahiro Hara , Shojiro 

Nishio , “An Adaptive TDMA Slot 

Assignment Protocol in Ad Hoc Sensor 

Networks », 2005 ACM Symposium on 

Applied Computing, Pages 1160-1165 , New 

York, NY, USA, 2005. 

[3] A. Kanzaki, T. Uemukai, T. Hara, and S. 

Nishio, “Dynamic TDMA slot assignment 

for ad hoc networks,” in Proc. International 

Conference on Advanced Information 

Networking and Applications (AINA 2003), 

pp 330-339 (Mar. 2003). 

[4] Bezawada Bruhadeshwar, Kishore 

Kothapalli, Indira Radhika Pulla, A Fully 

Dynamic and Self-Stabilizing TDMA 

Scheme for Wireless Ad-hoc Networks, 

24th IEEE International Conference on 

Advanced Information Networking and 

Applications, 2010.  

[5] B. Hughes and V. Cahill, "Achieving real-

time guarantees in mobile ad hoc wireless 

networks," in Proc. Work-in-Progress 

Session of 24th IEEE Real-Time Systems 

Symposium (RTSS '03), pp. 37-40, Cancun, 

Mexico, December 2003. 

[6] C.L. Liu & J.W. Layland, "Scheduling 

algorithms for multiprogramming in a hard 

real-time environment", Journal of the 

Association for Computing Machinery 20 

(1973), no. 1, p. 46-61. 

[7] D. D. Vergados, D. J. Vergados, C. 

Douligeris, S. L. Tombros,” QOS-AWARE 

TDMA FOR END-TO-END TRAFFIC 

SCHEDULING IN AD HOC 

NETWORKS”, IEEE Wireless 

Communications, October 2006. 

[8] Gopalakrishnan, P.;  Famolari, D. ;  

Kodama, T. “Voice capacity of IEEE 

802.11b, 802.11a and 802.11g wireless 

LANs”, GLOBECOM '04: Global 

Telecommunications Conference  2004, 29 

Nov.-3 Dec. 2004. 

[9] Hiroaki Higaki, Reactive TDMA Slot 

Assignment Protocol in Wireless Ad Hoc 

Networks, First International Conference 

on Advances in Future Internet, 2009. 

WSEAS TRANSACTIONS on COMMUNICATIONS Sofiane Ouni, Jihen Bokri, Farouk Kamoun

E-ISSN: 2224-2864 582 Issue 11, Volume 12, November 2013



[10] IEEE 802.11p , "Part 11: Wireless LAN 

Medium Access Control (MAC) and 

Physical Layer (PHY) Specifications 

Amendment 6: Wireless Access in 

Vehicular Environments". IEEE 802.11p 

published standard. IEEE. July 15, 2010. 

Retrieved August 10, 2011. 

[11]  Injong Rhee, Ajit Warrier, Jeongki Min, 

and Lisong Xu, DRAND: Distributed 

Randomized TDMA Scheduling for 

Wireless Ad Hoc Networks, IEEE 

TRANSACTIONS ON MOBILE 

COMPUTING, VOL. 8, NO. 10, 

OCTOBER 2009. 

[12] IEEE 802.11g-2003 standard, Available at 

http://standards.ieee.org/getieee802/downlo

ad/802.11g-2003.pdf 

[13] Jihen Bokri, Sofiane Ouni, Farouk 

Kamoun, "A Novel Reservation Approach 

for TDMA-based Ad hoc Networks", in 

2nd  International Conference on 

Communications and Networking, 

ComNet’2010, Tozeur, Nov. 2010. 

[14]  I. Jawhar and J. Wu, “QoS Support in 

TDMA-based Mobile Ad Hoc Networks”, 

Journal of Computer Science and 

Technology, Institute of Computing 

Technology, Pages: 797- 810, November 

2005. 

[15] J.A. Stankovic, M. Spuri, K. 

Ramamritham, G.C. Buttazzo, Deadline 

Scheduling for Real-Time Systems, Kluwer 

Academic Publisher, 1998.  

[16] J. Lessmann and D. Held, “A mobility-

adaptive TDMA MAC for real-time data in 

wireless networks”, NETWORKING 2008 

Ad Hoc and Sensor Networks, Wireless 

Networks, Next Generation Internet Lecture 

Notes in Computer Science, 2008, Volume 

4982/2008, 804-811. 

[17] K. Tindell, J. Clark, “Holistic 

Schedulability Analysis for Distributed 

Hard Real-Time Systems”, Microprocessing 

& Microprogramming, Vol. 50, Nos. 2-3, 

1994. 

[18] M.Murali, Dr. R. Srinivasan, Bandwidth 

Reservation in Mobile Ad hoc Network 

using RealTime MAC Protocol,  

International Conference on Future 

Computer and Communication, pp563-566, 

2009. 

[19] N. Audsley, A. Burns, et. al., “Fixed 

Priority Preemptive Scheduling: An 

Historical Perspective”, Real-Time Systems, 

8(2/3), 1995. 

[20] N. Audsley, K. Tindell, A. et. al., “The 

End of Line for Static Cyclic Scheduling?”, 

5th Euromicro Works. on Real-Time 

Systems, 1993. 

[21] S. M. Kamruzzaman, Dynamic TDMA 

Slot Reservation Protocol for QoS 

Provisioning in Cognitive Radio Ad Hoc 

Networks, By University of Rajshahi on 

November 23, 2010. 

[22] Sofiane OUNI, Jihen BOKRI, Farouk 

KAMOUN, “DSR based routing algorithm 

with delay guarantee for Ad Hoc networks”, 

in Journal of Networks, vol/N° : 4/3, 

Academy Publisher,  June 2009. 

[23] Sofiane Ouni, Farouk Kamoun, “Hard and 

Soft Scheduling Protocol on Ethernet 

Networks“,  IEEE transactions on Systems, 

Man and Cybernetics,Hammamet, Tunisie, 

octobre 2002. 

[24] W.-H. Liao, Y.-C. Tseng, and K.-P. Shih. 

A TDMA-based bandwidth reservation 

protocol for QoS routing in a wireless 

mobile ad hoc network.. IEEE International 

Conference on Communications, ICC 2002, 

5:3186–3190, 2002. 

 

WSEAS TRANSACTIONS on COMMUNICATIONS Sofiane Ouni, Jihen Bokri, Farouk Kamoun

E-ISSN: 2224-2864 583 Issue 11, Volume 12, November 2013




