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ABSTRACT 

 

 With the recent advances in wireless communications and networking area, it has 

been a great challenge for researchers to improve a medium access protocol for providing 

an efficient service differentiation in wireless ad hoc, sensor and wireless Local Area 

Networks among different priority class applications that require high goodput, short 

term fairness, low delay and delay jitter. IEEE 802.11 Static MAC protocol assigns 

different Arbitration Inter Frame Space(AIFS) durations for different priority classes to 

provide service differentiation. However, it is subject to a significant goodput 

degradation when the high priority class is low. On the other hand, IEEE 802.11e 

Dynamic MAC protocol employs different AIFSs, (CWmin,CWmax) pairs and contention 

window expansion factors (PFs) for different classes to support differentiated quality of 

service levels. Yet, it can not protect high priority class traffic from greedy sources in 

case of a heavy network load. The proposed protocol SD-MAC [1], Service 

Differentiation via CMAC, uses Cooperative MAC protocol(CMAC) as a basis protocol 

and can easily be implemented using IEEE 802.11e and CMAC. In SD-MAC, each node 

has to change its back-off counter based on both its own packet’s priority level and the 

priority level of the transmitted packet. If a node hears an ongoing transmission of a 

packet of higher priority than its own, it has to increase its back-off counter linearly. 

Besides, if it hears an ongoing transmission of a packet of lower priority than its own, it 

has to decrement its back-off counter exponentially. The simulation results indicate that, 

SD-MAC is a short term fair protocol which performs well in all network scenarios 

providing high network goodput, short term fairness and large admissible region.  
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CHAPTER 1 

 

        INTRODUCTION 

 

1.1. Introduction 
 

Starting from the late 20th century, the importance of wireless communication 

systems has increased significantly and wireless local area networks(WLANs) and ad hoc 

networks have been introduced to our lives more and more, allowing people to 

communicate without the need to cables.  Besides, the demand for multimedia 

applications and real time communications has also been increasing over the years. Since 

these applications require low delay and delay jitter, high throughput and short term 

fairness, it has been a challenge for researchers to improve medium access protocols 

which will support end to end quality of service while still achieving high throughput and 

sharing the scarce bandwidth fairly among users. 

The IEEE 802.11 MAC protocol is the standard that is mostly used in WLAN 

products. This standard has two transmission modes such as the infrastructure mode and 

the ad hoc mode. 

In the infrastructure mode, all the transmissions are controlled by the access point. 

To provide the desired quality of service, a polling based scheme that uses the 

contention-free point coordination function (PCF) is employed. However, it is shown in 

[16], [17] that PCF can result in poor performance to support the desired level of quality 

of service. 

On the other hand in the ad hoc mode, a CSMA/CA based Distributed 

Coordination Function scheme is used. In [6], [7], [8], [9], [10], [11], [12], [13], [14], 
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[15], [19], [20], [34], [35], protocols that employ distributed reservation based schemes 

or contention based schemes are proposed to support the desired service differentiation in 

MAC layer. The reservation based schemes [6], [7], [34] are not satisfying because they 

require high memory, power, information exchange and computation complexity. In [13], 

[14], a service differentiation mechanism which employs “Black Burst” and “busy tone” 

is proposed which requires to jam the channel before sending any data packet. The 

drawback of these protocols is the difficulty in implementation using IEEE 802.11 and 

the low throughput under heavy network load. In [35], the priority of the packets is 

piggybacked in the RTS/CTS/DATA/ACK frames and the nodes keep a scheduling table 

for differentiated service. This scheme is also not suitable for service differentiation 

because of memory, power requirement and complexity. In [19], Static MAC protocol is 

proposed which uses different Arbitration Inter Frame Spaces (AIFSs) for different class 

traffics which results in low network utilization when high priority traffic is low. Lastly 

in [8], [9], [10], [11], [12], [15], [20] IEEE 802.11e MAC, an enhancement protocol to 

802.11 MAC, assigns different AIFSs, contention window expansion factors and 

(CWmin, CWmax) pairs for different class traffics to provide dynamic priority which 

comes with a cost of poor service differentiation when there’s a heavy high priority 

traffic in the network. 

1.2. IEEE 802.11 MAC Protocol 
 
IEEE 802.11 MAC Protocol is the most common and popular standard which is a 

contention based scheme based on Carrier Sense Multiple Access / Collision Avoidance 

(CSMA/CA). It uses two access methods: the four-way handshake method and the basic 

method.  
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In the four-way handshake method, if a node has a packet to send, first it senses 

the channel. If the channel is idle for a period of Distributed Inter Frame Spacing (DIFS) 

the node sends the packet. If the channel is found to be busy, the node defers its 

transmission until the channel is idle for a DIFS amount of time and chooses a random 

back-off counter number in the range [0,CW-1]. CW is the current contention window 

size which is set to CWmin  at first packet transmission. The node decrements its back-off 

counter by one as soon as the channel is idle for a slot time after the DIFS. The back-off 

counter is frozen if the channel becomes busy and is not decremented until an idle period 

of DIFS in the channel.  

When the back-off counter reaches zero, the node sends a request-to-send(RTS) 

message and waits for a clear-to-send(CTS) message for Short Inter Frame Spacing 

(SIFS) amount of time from the receiver.  RTS and CTS control packets include the 

packet length information which allows the other users to update their Network 

Allocation Vectors (NAV) and defer their transmission until the end of the packet 

transmission. Upon receiving  the CTS message, the sender node starts transmitting the 

data packet and waits for the Acknowledgement(ACK) from the receiver. If the sender 

does not receive a CTS/ACK message, then it assumes that there has been a collision and 

initiates the binary back-off procedure. It doubles the CW value which can be up to 

CWmax  value and chooses the new back-off counter from a larger range. A successful 

packet transmission by RTS, CTS, Data, ACK packets in four way handshake method is 

shown in Figure 1. 
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Figure 1: IEEE 802.11 Four Way Hand Shake Method. 

 

 In the basic method, when the back-off counter reaches zero, the sender node just 

starts sending the actual data packet and wait for the ACK different than a four way 

handshake method. An unsuccessful ACK implies a collision to the sender node  and the  

sender node starts the binary back-off procedure.  

1.3. The Cooperative-MAC (CMAC) Protocol 

 In a dense wireless network, it is not suitable and easy to implement an infra-

structured MAC protocol because you have to have an access point or a base station 

always which will arrange the traffic. Instead, it is more suitable to have a distributed 

scheme will does not require a central authority. IEEE 802.11 standard, a distributed 

contention based scheme using CSMA/CA, is the most commonly used protocol. 

However, it can result in a poor performance due to a large number of collisions in a 

dense wireless network. It also can not guarantee a short term fairness among the users 
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which is very crucial in some applications like sensor networks, real time and TCP traffic 

where it is not the goal to collect the most data but some data from every node in a short 

amount of time.  

 Cooperative MAC protocol (CMAC) in [32],[33] is a distributed contention based 

protocol which provides short term fairness and still achieves high network throughput in 

dense wireless networks. Instead of making the collided nodes start back-off procedure 

after a collision as in IEEE 802.11, the collided nodes in CMAC have the priority to send 

their packets first. The non-collided nodes do not try to capture the channel until the 

collided nodes’ successful transmissions. Likewise, the nodes which make a successful 

transmission choose the new back-off counters from a bigger range than the other nodes 

so that the other nodes will now have a chance to capture the channel. 

 CMAC is an easy to implement protocol because it just requires some 

modifications in the contention window size and and IFS amounts different than the 

IEEE 802.11. The CMAC protocol will be discussed in details in chapter 2. 

1.4. The IEEE 802.11 Static MAC Protocol 

The Static MAC protocol in [19], is proposed to achieve service differentiation by 

assigning different AIFS values (DIFS in IEEE 802.11) to different class traffics. 

Basically, the AIFS duration of lower class traffic is as long as the sum of AIFS duration 

and the time duration of the maximum contention window size of the next higher class. 

The protocol and its performance will be discussed in details in chapter 3. 

1.5. The IEEE 802.11e Dynamic MAC Protocol 

IEEE 802.11 protocol has no means to provide service differentiation and quality 

of service in wireless networks because different class traffic packets are treated equally 



 6

in both DCF and PCF. IEEE 802.11e in [8], [9], [10], [11], [12], [15], [20] is introduced 

by the IEEE 802.11 Task Group E to provide QoS using Enhanced Distributed 

Coordination Function (EDCF) and Hybrid Coordination Function (HCF). The protocol 

employs different AIFS durations, (CWmin, CWmax) pairs and contention window 

expansion factors (PFs) for different class traffics to satisfy network requirements for 

these classes such as guaranteed bandwidth, low delay, low delay jitter and high 

throughput [23]. IEEE 802.11e will be discussed in details in chapter 4. 

1.6. Motivation 

The static MAC protocol results in poor performance when the high priority class 

traffic is low and IEEE 802.11e protocol can not guarantee the high priority class to 

capture the channel when the network load is high. Both mechanisms also can not 

provide short term fairness since they are based on the IEEE 802.11 standard. That’s why 

these mechanisms are not capable of providing the desired level of service differentiation. 

The motivation of this thesis is to improve a service differentiation mechanism which 

will always be able to support the desired QoS levels with high throughput and also short 

term fairness among the users of the classes. 

1.7. Organization of Thesis 

The organization of this thesis is as follows: C-MAC, Static MAC and IEEE 

802.11e protocols are described in chapters 2,3 and 4 respectively. The proposed service 

differentiation mechanism SD-MAC in [1] is described in chapter 5 in details and the 

performance evaluations and comparisons of the three service differentiation mechanisms 

are presented in chapter 6. Lastly, the thesis is concluded in chapter 7. 
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CHAPTER 2 

 

COOPERATIVE MEDIUM ACCESS PROTOCOL (C-MAC) 

 

2.1. CMAC Protocol 
 

With the recent technological advances, some ad hoc network applications which 

require short term fairness and forming of dense wireless networks are being introduced 

to our lives such as:  military and disaster relief operations, conference and classroom 

settings and wireless sensor network applications (information collecting from sensors 

which are spread to an area, region, organism etc.). However, IEEE 802.11 protocol can 

not provide short term fairness and besides the protocol has a significant throughput 

degradation in dense wireless networks. 

It is shown in [30] that the system throughput of the IEEE 802.11 is depending on 

three major factors: successful transmissions, collisions, and idle slots due to back-off at 

each contention period. Therefore to improve the throughput, there has to be a 

mechanism which will reduce the number of idle slots and provide a fast collision 

resolution scheme. The Cooperative MAC (CMAC)  protocol in [32], [33] gives higher 

priority to the collided nodes than the other nodes unlike the IEEE 802.11 to resolve the 

collisions and uses constant window size to reduce the number of idle slots which results 

in short term fairness among the nodes and a high throughput compatible to IEEE 802.11.  

The C-MAC protocol is as follows: Any active node needs to sense the channel in 

order to send a packet as in CSMA/CA. If it finds channel idle for DIFS amount of time 

(110 µsec in CMAC, 50 µsec in IEEE 802.11), the node starts the transmission. If the 

channel is determined to be busy, the node defers its transmission until the channel 
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becomes idle for DIFS amount of time.  Then it chooses a random number uniformly 

from the range [0, CW-1] as a back-off counter, where CW is the contention window 

size. The back-off counter is decremented as long as the channel remains idle. If the 

channel becomes busy, the counter is frozen until the channel is again sensed to be idle 

for DIFS. The node transmits an RTS message when the back-off counter reaches 0 if the 

four-way hand-shake mechanism is used. The receiving node responses with a CTS after 

SIFS (10µsec) amount of time. All the other nodes, which hear RTS/CTS packets, defer 

their transmission and update their network allocation vectors(NAVs). The sender node 

responses to the CTS with an actual data packet and waits for an ACK.  

The node which makes a successful transmission chooses its  new back-off 

counter uniformly from the range [CW, 2*CW-1] and starts decrementing it after a DIFS 

amount of idle time to let the deferred nodes capture the channel and to achieve short-

term fairness. 

The sender node which does not hear a CTS/ACK packet after sending the 

RTS/Data packet assumes that its packet is collided. Then, it generates a new back-off 

counter chosen uniformly from [0, 3] range  and starts decrementing the counter after the 

channel remains idle for a duration of PIFS(30 µsec) instead of DIFS(110 µsec). Please 

note that slot time is 20 µsec. So, DIFS is PIFS and four slot times long. Since a collided 

node can choose at most 3 as a back-off counter,  the collided nodes  are given higher 

priority to capture the channel. If a collided node senses another collision in the channel 

before its counter reaches 0, meaning the packets of some of the collided nodes collided 

again, it sets its counter to 0 and waits the channel to be idle for duration of DIFS to 

transmit. As a result it has a higher priority than the nodes which are not involved in 
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collision.  

All the nodes that do not receive RTS/CTS correctly sense the channel busy 

because the received interference power is sufficiently higher than the noise power. 

Therefore, they assume that there has been a collision and update their NAVs for 

Extended Inter Frame Spacing (EIFS) amount of time. 

The procedure of the CMAC protocol is illustrated in Table 1 for 10 nodes and 

CW=4. The collided nodes are shown as bold and shaded. The successful nodes are 

shown in bold and underlined. And the nodes first involved in a collision and then sense 

another collision that itself is not involved are shown as lightly shaded in the table. 

Assume that the initial back-off counters of the nodes are shown in line 1. The nodes 

2,3,5,6,8 and 9 transmit and collide. Then they choose new back-off counters from [0, 3] 

and start decrementing their counters after PIFS(30  µsec) amount of idle time. The other 

nodes 1,4,7 and 10 which are not involved in collision can not decrement their counters 

because they have to wait for DIFS(110 µsec) amount of idle time. Then, out of the 

collided nodes, 3 and 9 collide again. The nodes 2,5,6 and 8 which are involved in the 

first collision but not the second choose 0 as their back-off counters and wait for DIFS 

amount of idle time to transmit. This gives 2,5,6 and 8 higher priority than 1,4,7 and 10 

which are not involved in the first collision. 9 and 3 which are also involved in the second 

collision choose again back-off counters from [0, 3] and successfully transmit 

consecutively. Then 2,5,6 and 8 collide and 5 transmits successfully. Afterwards 2,6,8 

collide and the collision is resolved. So far, all the nodes which are involved in the first 

collision have transmitted one packet successfully. Since the nodes that make successful 

transmission choose their back-off counters from [4, 7] and wait for DIFS amount of idle 
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time to decrement, now it is the turn for non-collided nodes 1,4,7 and 10 to transmit and 

it happens so.  

 

1 2 3 4 5 6 7 8 9 10 Status  

1  0    0    3  0   0  2  0   0  1 Col. 2,3,5,6,8,9 

1 2  0 3 2 1 2 3  0 1 Col 3,9 

1  0 2 3  0  0 2  0 1 1 Success 9 

1   0 1 3  0  0 2  0 5 1 Success 3 

1  0 6 3  0  0 2  0 5 1 Col 2,5,6,8 

1  1 6 3 0  1 2  1 5 1 Success 5 

1  0 6 3 5  0 2  0 5 1 Col. 2,6,8 

1 0 6 3 5 1 2 2 5 1 Success 2 

1 6 6 3 5 1 2 2 5 1 Success 6 

1 6 6 3 5 5 2 1 5 1 Success 8 

 0 6 6 3 5 5 2 7 5  0 Col. 1,10 

1 5 5 2 4 4 2 6 4 0 Success 10 

0 5 5 2 4 4 2 6 4 6 Success 1 

5 4 4 1 3 3 2 5 3 1 Success 4 

5 4 4 1 3 3 1 5 3 1 Success 7 

 

Table 1: C-MAC Algorithm Example 
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As shown in Table 1, CMAC achieves short term fairness by cooperation of 

nodes. First the non-collided nodes let collided nodes transmit their packets and then the 

nodes that successfully transmit choose bigger back-off counters to let non-collided 

nodes transmit. 

2.2. Performance Analysis of C-MAC 

 In this section, short term fairness and throughput results of CMAC protocol will 

be analyzed and compared with IEEE 802.11 standard. Some of the system parameters 

are shown in Table 2. The simulations are done for 10, 50, 100, 150, 200 and 250 nodes 

in the NS-2 network simulator. CW is chosen to be 8, 16, 32 and 64 for CMAC. The 

packet size is 1 Kbyte. 

  

Parameters Values 

SIFS 10 µsec. 

DIFS 50 µsec. 

Slot Time 20 µsec. 

RTS 160 bits 

CTS 112 bits 

ACK 112 bits 

MAC Header 224 bits 

PHY Header 192 bits 

Bit Rate 1 Mbps 

 

Table 2: System Parameter for MAC protocols 
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2.2.1. Short-Term Fairness 

In this section, first the method used to evaluate the short term fairness is 

explained and then the performances of CMAC and IEEE 802.11 protocols are analyzed. 

In [29], it is shown that IEEE 802.11 is not a short term fair protocol by using the 

Sliding Window Method (SWM) and the Jain’s Fairness Index [27], [28].  

When the short term fairness of a protocol is considered, the length of the short 

term horizon has to be taken into account. TDMA and round robin scheduling algorithms 

are perfectly short term fair protocols for any length short term horizon. To illustrate 

further, an example sequence is shown below. 

 

----AABBAABB ---- 

 

 The sequence shows 8 transmissions of two users A and B. If you consider this 

sequence in a 2 packet-time horizon, it is not short term fair but for 4 packet-time 

horizons, it turns out to be short term fair because A and B both transmit two packets 

each.  

 Similarly, in the Sliding Window Method, the sequence of the channel 

transmissions are traced and recorded. For a window size of w, the access time fraction of 

each node is calculated, then the window is shifted by one element. Each window is 

called a snapshot. For T number of transmissions, there are T-w+1 snapshots. Again for 

the above example, for a window size of 2, there are 8-2+1 = 7 snapshots. For the first 

snapshot (AA), access time fractions of A and B are [1,0] and for the second 

snapshot(AB), the access time fractions are [1/2, 1/2]. 
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 For each of the snapshots, per-snapshot fairness index is computed using Jain’s 

Fairness Index and the formula; 

 

Fj = 
∑

∑

=

=
N

i
i

N

i

N

i

1

2

2

1

)(

)(

γ

γ
 

 

where N is the number of nodes and γi is the access time fraction of the ith node.  

The fairness index of a protocol for a particular window size is then calculated by 

taking the average of the indexes of all the snapshots. Since short term fairness is 

depending on the short term horizon, to plot the fairness characteristic of a protocol, the 

window size is adjusted and the fairness indexes for different window sizes are 

computed. If the index is greater than or equal to 0.95, the protocol is accepted to be fair 

for that window size. 

Figures 2 and 3 show the window size vs. average fairness indexes for IEEE 

802.11 protocol and CMAC with CW=8 and CW=64. The simulation results show that 

CMAC achieves fairness with a window size of 2-3 depending on CW and the number of 

users. IEEE 802.11, on the other hand, can achieve fairness after w=50 to w=140. CMAC 

protocol can be fair at w=3 in the worst case whereas IEEE 802.11 can only achieve 65% 

fairness in the best case. Furthermore, CMAC fairness index increases sharply and 

reaches 99% for w=10 however the index can only reach 98.7% for w=200 in IEEE 

802.11. Please note that the fairness index increases with increased window size w for 

fixed number of users. 
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Figure 2: Fairness for the C-MAC with CW=8 

 



 15

 

Figure 3: Fairness for the C-MAC with CW=64 

 

2.2.2. Throughput 

 

In this section, the simulation results for the throughput of CMAC and IEEE 

802.11 are shown and analyzed. The throughput results for the basic method and the four-

way handshake methods are shown in  figure 4 and 5 respectively. The throughput of 

both protocols decrease with increasing number of users but it decreases more sarply for 

IEEE 802.11. For example, the throughput of CMAC decreases from 79.1 % to 53 % or 

from 62.8 % to 44.3 % under basic method whereas the throughput of IEEE 802.11 
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protocol decreases from 74.5 % to 42.8 %.  

Under four-way handshake method, the throughput of the IEEE 802.11 MAC 

protocol decreases from 82.8% to 77.2% while the throughput of the C-MAC protocol 

decreases from 81.9% to 77.8% and from 82.6% to 79.9% for CW=8 and CW=64 

respectively. These results show that CMAC has compatible throughput with IEEE 

802.11 when the number of users is low and CW is small. In addition to that, when the 

CW or the number of users increases, the C-MAC protocol outperforms the IEEE 802.11 

protocol. 

 

 

Figure 4 : Throughput Comparison / Basic Access Method 
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Figure 5: Throughput Comparison / Four-way Handshake Method 

 

2.2.3. Overall Performance 

To evaluate the overall performance of the two protocols CMAC and IEEE 

802.11 in terms of fairness and throughput, CMAC can achieve short term fairness via 

collaboration of users whereas IEEE 802.11 is only a long term fair protocol. Besides 

CMAC has at least compatible to and in some cases like dense network scenarios better 

throughput than IEEE 802.11 protocol. 
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CHAPTER 3 
 

IEEE 802.11 STATIC MAC PROTOCOL 

 

3.1. IEEE 802.11 Static MAC Protocol 

 
The IEEE 802.11 Static MAC protocol in [19], is proposed to achieve service 

differentiation by assigning different AIFS values (corresponds to DIFS in IEEE 802.11) 

to different class traffics. The protocol is based on Distributed Coordination 

Function(DCF) access method. Basically,  the AIFS duration of a lower class traffic is as 

long as the sum of AIFS duration and the time duration of the maximum contention 

window size of the next higher class. 

In other words, AIFS duration of the priority level (i+1) is set to the sum of the 

AIFS duration of priority level i and the time duration of the maximum contention 

window size of priority level i. 

 

AIFS(i+1)=AIFSi + [( CWi Max + 1) * st 

 

 where st is the slot time. 
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Figure 6: Static Priority Mechanism 

 

3.2. Performance Analysis of IEEE 802.11 Static MAC Protocol 

In this section, the simulation results for the goodput and the packet loss 

rate(PLR) of IEEE 802.11 Static MAC Protocol are used and shown to evaluate the 

protocol. The Goodput is by definition the amount of data transferred over the wireless 

link and normalized by the channel data rate. The Packet Loss Rate (PLR) is the ratio of 

dropped packets due to a delay bound violation that are not delivered within the delay 

bound over the total number of packets generated by real-time traffic. 

For a network of two priority classes, the simulation parameters are chosen to be 

as follows: AIFS1=30 µsec, CW1 Min=15, CW1 Max is varied from 63 to 511; CW2 Min  = 31 

and CW2 Max = 1023. For each case AIFS2 is calculated by using the equation above. As a 

class 1 traffic voice and variable bit rate(VBR) traffic are used. 

Figure 7 shows the case where there is no high priority class traffic present in the 

network. Although there is no high priority class traffic, low priority class has to wait for 
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a long AIFS2 duration. This results in a very poor network goodput. In the best case Static 

MAC achieves only 27 % goodput. The worst case performance is 3.5 % goodput. 

Increasing CW1
max value results in worse performance because of a longer AIFS2  

duration. For CW1
max is 63 and 127, the goodput starts decreasing after 0.3 data load and 

0.2 data load. For CW1
max is 255 and 511, throughput starts decreasing immediately with 

an increase in the data load. 

 

 

     Figure 7: Goodput of IEEE 802.11 Static MAC with no Class1 

 

Figure 8 and 9 show the goodput and PLR of voice traffic (high priority) versus 

network load for different amounts of voice traffic present in the network. The goodput 
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increases up to 70 % with increasing number of voice traffic. For the same number of 

voice traffic the network goodput is up to 20 % better for CW1
max = 63 than CW1

max = 

511. This is because CW1
max = 63 allows Class 2 traffics to access the channel whereas 

CW1
max = 511 results in a longer AIFS2  duration which prevents the low priority traffic 

to capture the channel. The simulation results show that 15 % class 1 traffic is enough to 

prevent all the class 2 traffic to capture the channel for CW1
max = 511 whereas 55 % class 

1 traffic is needed  for CW1
max = 63.  

CW1
Max = 63 also gives better goodput even in heavy class 1 traffic. This is 

because the max access delay to capture the channel for CW1
Max = 63 is much smaller 

than CW1
Max = 511, even  CW1

Max = 511 can resolve collisions more efficiently. The 

maximum access delay for CW1
Max = 63 is 0.129 msec and is 10.25 msec. for CW1

Max = 

511 (maximum access delay = AIFS1+ CW1
Max  * st.)  
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Figure 8: The Network Goodput of Voice Traffic under the IEEE 802.11 Static MAC 

 

 It is shown in figure 9 that PLR is negligible for 150 or less voice sources. It 

increases up to 10 % for more voice sources and bigger CW1
Max values. The PLR is 

higher for bigger CW1
Max values because of the longer access delay a bigger CW1

Max 

causes.  
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Figure 9: The Packet Loss Rate of Voice Traffic under the IEEE 802.11 Static MAC 

 

Figure 10 and 11 depict goodput and PLR of VBR traffic. The goodput increases 

up to 70%, and the PLR is negligible for 30 or less VBR sources. For 30 or less VBR 

sources smaller CW1
Max      values provide higher goodput like the voice traffic case. 

When the number of VBR sources exceeds 30, smaller CW1
Max values provide lower 

goodput unlike the voice traffic case. The reason for that is lower delay requirement of 

VBR traffic (75 vs 25 msec) and small number of sources needed to congest the 

channel(40 vs 200). So, in a congested network with VBR sources, higher CW1
Max values 

resolve the collisions more efficiently without violating the delay bound. This also 

reduces the PLR up to 5%. 
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Figure 10: The Network Goodput of VBR Traffic under the IEEE 802.11 Static MAC 

 

 

 



 25

 

Figure 11: The Packet Loss Rate of VBR Traffic under the IEEE 802.11 Static MAC 

 

To conclude, IEEE 802.11 Static MAC is subject to a significant goodput 

degradation when the high priority class traffic is low, so it can not be a good candidate 

for service differentiation. 
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CHAPTER 4 

 

IEEE 802.11e DYNAMIC PRIORITY MAC 

 

4.1. IEEE 802.11e Dynamic Priority MAC Protocol 
 

IEEE 802.11e Dynamic Priority MAC Protocol in [8], [9], [10], [11], [12], [15], 

[20] employs different AIFS durations, (CWmin, CWmax) pairs and contention window 

expansion factors (PFs) for different classes called Access Categories (ACs) to provide 

service differentiation. The ACs of IEEE 802.11e are nothing but mappings of User 

Priorities(UPs) in IEEE 802.11d which are shown in Table 3. [21] 

 

User Priority 
(Same as 802.11d) 

802.11d 
 Designation 

802.11e Access 
Category 

Service 
Type 

2 Not defined 0 Best Effort 

1 Background (BK) 0 Best Effort 

0 Best Effort (BE) 0 Best Effort 

3 Excellent Effort(EE) 1 Video Probe 

4 Controlled Load 2 Video 

5 VI(Video<100ms. latency and 

jitter) 

2 Video 

6 VO(Video<10ms. latency and 

jitter 

3 Voice 

7 Network Control (NC) 3 Voice 

 

Table 3: Mapping of IEEE 802.11d UPs to IEEE 802.11e ACs 
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The implementation of the Dynamic MAC protocol is shown in Figure 12. In the 

dynamic MAC protocol AIFSs of different access categories differ by a slot time amount 

of time. The AIFS duration of a higher class is a slot time shorter than the next lower 

class. AIFS duration of a class i can be calculated as follows; 

 

AIFSi=AIFSi-1+st 

  

 This way the highest class has the shortest AIFS and the lowest class has the 

longest AIFS duration.  

 The second difference between ACs is the back-off procedure. Lower ACs has 

higher exponential increase factors, Persistence Factors(PFs). The exponential increase 

factor is constant and 2 in basic IEEE 802.11.  

 The third difference between ACs is that they have different (CWmin, CWmax) 

pairs. Lower ACs have larger range for back-off counter selection. 

As a result of these settings, a high priority class waits a smaller duration to 

reduce its backoff counter, chooses its backoff counter from a smaller value range, and 

increases its CW value slower than a lower priority class after a collision. However, if the 

high priority class has a higher density than the low priority class, high priority class 

users may encounter a high collision rate which causes them to have higher CW values 

and to loose their priorities. 
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Figure 12: IEEE 802.11e implementation [21] 

 

4.2. Performance Analysis of IEEE 802.11e Dynamic MAC Protocol 

In this section, the simulation results for the goodput and the packet loss 

rate(PLR) of IEEE 802.11e Dynamic MAC Protocol are used and shown to evaluate the 

protocol. For a network of two priority classes, the simulation parameters are chosen to 

be as follows: AIFS1=30 µsec, AIFS2=50 µsec, PF1=2, PF2=4, CW1
Min=15, CW2

Min=31, 

CW1
Max is varied from 63 to 511 and CW2

Max=1023. 

Figure 13 and 14 show the network goodput and PLR of voice traffic versus 

network load for different amounts of voice traffic present in the network for CW1
Max=63. 
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The network goodput increases up to 71% with an increasing number of both data 

load and real-time traffic sources. After reaching 71 %, there is a negligible goodput 

degradation.  

The PLR of voice traffic is depending on CW1
Max and the amount of Class 1 and 

Class 2 traffic. For a fixed number of  voice sources, PLR increases up 25 % further with 

increasing data load. And for a fixed network load, PLR increases further up to 13 % with 

increasing CW1
Max values. 

 

 

Figure 13: The Network Goodput of Voice Traffic under the IEEE 802.11e 

Dynamic MAC 
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Figure 14: The Packet Loss Rate of Voice Traffic under the IEEE 802.11e 

Dynamic MAC 

Figure 15 and 16 show the network goodput and PLR of VBR traffic versus 

network load for different amounts of VBR traffic present in the network for CW1
Max = 

63. The network goodput increases up to 71 % but then is decreased by 3 % unlike the 

voice traffic case. This is due to the high collision rate for CW1
Max = 63 and the smaller 

ratio of the number of high priority and the low priority class users compared to voice 

traffic. 3% degradation vanishes with increasing CW1
Max value because the collisions are 

resolved better with higher CW1
Max.  

The PLR of VBR traffic also depends on CW1
Max and the amount of Class 1 and 

Class 2 traffic. For a fixed number of  VBR sources, PLR increases up 22 % further with 
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increasing data load. And for a fixed network load, PLR increases further up to 15 % with 

increasing CW1
Max values. 

 

 

Figure 15: The network Goodput of VBR traffic under the IEEE 802.11e Dynamic MAC 
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Figure 16: The Packet Loss Rate of VBR Traffic under IEEE 802.11e Dynamic MAC 

To conclude, IEEE 802.11e Dynamic MAC protocol can not prevent low priority 

class users accessing the channel when the network load is high and the high priority 

class encounters a significant goodput degradation up to 13 % shown in Figures 24 and 

26. So, the protocol can not be a good candidate for service differentiation.  
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CHAPTER 5 

 

SERVICE DIFFERENTIATION MECHANISM via C-MAC (SD-MAC) 

 

5.1. SD-MAC Protocol 
 

In this section, the proposed service differentiation mechanism SD-MAC in [1], 

which provides efficient service differentiation with short term fairness and high network 

goodput in all scenarios, will be described and analyzed. 

In the SD-MAC protocol, each node changes its back-off counter based on both 

its own packet’s priority level and the priority level of the transmitted packet. If a node 

hears an ongoing transmission of a packet of higher priority than its own, it increases its 

back-off counter linearly. Besides, if it hears an ongoing transmission of a packet of 

lower priority than its own, it decrements its back-off counter exponentially. It is 

assumed that the nodes use static priority to schedule their packets of different priorities.  

The first mechanism in SD-MAC protocol is the choice of AIFSs for different 

classes. Since Static MAC encounters network goodput degradation when high priority 

class traffic is low, SD-MAC adopts the Dynamic MAC’s mechanism for selection of 

DIFSs and PIFSs; 

 

PIFSi=PIFSi-1+st 

DIFSi=DIFSi-1+st 

 

The second mechanism is the selection of back-off counter ranges initially, after a 

successful transmission and after a collision. For the priority classes, the CWs are as 
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follows initially; 

 

CWi  ≥ 2*CWi-1  

 

 The high priority classes have smaller CWs than the low priority classes. The 

nodes choose their back-off counters initially and after a successful transmission from the 

range [CWi, 2*CWi –1] and after a collision, similar to CMAC algorithm, nodes choose 

their back-off counters from the range [0, 3].  

 The third mechanism is to prevent low class users contend and access the channel 

as in Dynamic MAC. In SD-MAC, low priority classes increase their counters by 1 

whenever they hear a higher priority packet transmission. However, this increase has to 

be bounded such that after a burst of high priority packet transmission, low priority 

classes have to be able to capture the channel quickly. To assure this, SD-MAC uses a 

new counter, Back-off Increment Counter BICi , which is set to CWi when the back-off 

counter is chosen. The nodes decrement their BICs and backoff counters by one after an 

idle slot detected. After BIC reaches zero the node keeps decrementing its back-off 

counter. Upon hearing a transmission of a higher priority packet, the node increments its 

back-off counter and BIC by one. The node will no longer increment its back-off counter 

after BIC reaches CWi value. This guarantees that the back-off counter of a low priority 

class user does not exceeds the initial value it has chosen and the low priority user will 

quickly capture the channel after a high priority burst. 

The fourth mechanism of SD-MAC is about protecting the high priority class 

users from low priority access especially when high priority traffic is low. To improve 
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the high priority traffic goodput, high priority users have to capture the channel quickly 

after a low priority traffic. To achieve this goal, upon hearing a lower priority packet 

transmission, a node waits the channel to be idle for PIFSi amount of time, instead of 

DIFSi. Then, it reduces its backoff counter and the BICi to half (exponential decrease) for 

each detected idle slot. If the node senses a collision during exponential decrease, it stops 

the exponential decrease and instead it initiates linear decrease where it waits for DIFSi 

amount of time and decrements its backoff counter and BIC by one after an idle slot. 

These four mechanisms are easy to implement. For the BIC counter, each node is 

required extra 2 byte memory. All the nodes are required to monitor the channel but since 

it is a broadcast medium, the nodes are already supposed to check the MAC address of 

each packet to determine if it is destined to themselves. SD-MAC requires an extra look 

up in the packet header of the packet to determine the priority level of the transmitted 

packet.  

Figure 17 below shows the receiving procedure of a packet in SD-MAC protocol. 

(Reception of the packet, collisions and deferring states are omitted.) 
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Figure 17: SD-MAC algorithm upon receiving a packet 

 

5.2. The Performance Analysis of SD-MAC Protocol 

In this section, the simulation results for the goodput and the PLR of SD-MAC 

Protocol are used and presented to evaluate the protocol for voice and VBR traffic 

sources. Some of SD-MAC parameters are shown in Table 4. 
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PIFS1 = 30 µsec. PIFS2 = 30 µsec. 

DIFS1 = 30 µsec. DIFS2 = 30 µsec. 

(CW1,CW2) = [(4,8) (8,16) (16,32) (32,64)] 

 

Table 4: SD-MAC parameters 

 

For the simulations, CW2 values are also varied up to 128. Choosing CW2  bigger 

than 2* CW1 improves the performance negligibly.  

Figures 18 and 19 for voice and figures 20 and 21 for VBR traffic show the 

network goodput and PLR of real time traffic versus network load for different amounts 

of real time traffic present in the network for (CW1 , CW2)=(32,64) 

Figures 18 and 20 show that network goodput for voice and VBR sources increase 

up to 69 % and saturates. The degradation in goodput after this point is negligible.  

Smaller (CW1 , CW2) pairs can improve goodput 3 % for voice traffic and 2 % for VBR 

traffic. 

The Packet Loss Rate is negligible for less than 200 voice and 30 VBR sources. If 

the number of real-time traffic sources further increases, the packet loss rate increases. 

Changing the data load and (CW1 , CW2)  pairs has a negligible effect on the packet loss 

rate except for the (CW1 , CW2)  pair (32, 64). Increasing the data load causes a higher 

packet loss rate for this pair. Remember that there is a 5 slot time difference between 

PIFS1 and DIFS2 which guarantees high priority class to capture the channel right after a 

lower class transmission for CW1<32 cases. However for CW1=32 case, SD-MAC can 

not guarantee the high priority class’s access immediately which causes additional packet 
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loss up to 3.5% for voice sources of 200 and 250 and 3% for VBR sources of 30 and 

more. Therefore, CW1 has to be chosen less than 32 or if it is chosen to be 32, CW2 has to 

be 128 or more to prevent packet loss.  lows low priority users access the channel for (32, 

64) pair. Extra packet losses also cause goodput degradation up to 2 % which can support 

a lower admissible region which will be discussed in the next chapter.  

 

 

Figure 18: The Network Goodput of Voice Traffic under SD-MAC 
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Figure 19: The Packet Loss Rate of Voice Traffic under SD-MAC 
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Figure 20: The Network Goodput of VBR Traffic under SD-MAC 
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Figure 21: The Packet Loss Rate of VBR Traffic under SD-MAC 
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CHAPTER 6 

 

SIMULATION AND RESULTS 

 

6.1. Simulation Parameters and Settings 
 

In this section simulation parameters and settings used are described. The 

simulations are done with an event driven simulator with the DSSS specification shown 

in Table  5. 

 

Parameters Values 

Packet Size 1 Kbyte 

SIFS 10 µsec. 

Slot Time 20 µsec. 

RTS 288 bits 

CTS 240 bits 

ACK 240 bits 

MAC Header 272 bits 

PHY Header 128 bits 

Bit Rate 11 Mbps 

 

Table 5: System parameters for Simulations 

 

In the simulations there are three traffic models used; Voice Traffic, VBR Video 

traffic and Data Traffic Models as in [34]. 
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The voice traffic is modeled as a two-state Markov process with talk-spurt “on” 

and silent-gap “off”. The source generates a 64 Kbps constant bit rate in the “on” state 

and no traffic in the “off” state. The “on” and “off” states are also modeled as exponential 

distributions with the mean duration of 1 and 1.35 seconds respectively. The maximum 

delay bound for voice traffic is set to 25 msec. The voice traffic parameters are shown in 

Table 6. 

 

Parameters Values 

Conversation Length 1.80 sec. 

Principle Talkspurt 1.00 sec. 

Principle Silent Gap 1.35 sec. 

Data Bit Rate (CBR) 64 Kbps 

Maximum Packet Delay 25 ms 

 

Table 6: Parameters for Voice Traffic 

 

The VBR Video Traffic is modeled as a multiple-state Markov process. The 

model has a minimum rate of 120 Kbps, average rate of 240 Kbps, and a maximum rate 

of 420 Kbps. The maximum delay bound for VBR traffic is set to 75 msec. The VBR 

video traffic parameters are shown in Table 7. 
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Parameters Values 

Maximum Bit Rate 420 Kbps 

Minimum Bit Rate 120 Kbps 

Mean Bit Rate 240 Kbps 

Mean Video Transmission Time 180 sec. 

Maximum Packet Delay 75 ms. 

 

Table 7: Parameters for VBR Traffic 

 

The Data Traffic is modeled as a constant bit rate traffic of 1% rate of the channel 

data rate. Voice traffic or VBR traffic are Class 1(high priority class) traffics while Data 

Traffic is Class 2 (low priority class) traffic. Data Load is the total of the Data Traffic 

which is varied from 0.1 to 1.5 via adding more sources while voice traffic sources are 

varied from 50 to 300 and VBR traffic from 10 to 40. 

6.2. Simulation Results 

In this section, simulation results are presented and the SD-MAC protocol is 

compared with the Static MAC and IEEE 802.11e Dynamic MAC protocols in terms of 

the network Goodput, Class 1 Goodput, short-term fairness and admissible regions for 

different scenarios. 
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6.2.1. Network and Class 1 Good-put 

Firstly, the case in which there is no Class 1 traffic present is analyzed. Figure 22 

below shows the network Goodput for this case. Static MAC, Dynamic MAC and SD-

MAC has 27 %, 70 %, 67 % good-put respectively. SD-MAC and the Dynamic MAC has 

compatible goodput whereas Static MAC has a significant goodput degradation. 

Therefore, Static MAC is not an efficient mechanism for service differentiation.  

 

 

Figure 22: The Network Goodput of Protocols under the case of no Class 1 Traffic 

 

Secondly, a heavy high priority Class 1 traffic case is considered. Figures 23 and 
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24 for 300 voice traffic sources, and figures 25 and 26 for 40 VBR traffic sources show 

the network Goodput and Class 1 Goodput  for different protocols. 

When the network goodput of voice traffic case is considered (Figure 23), the 

Dynamic MAC provides a higher network goodput for the low data load values, up to 2 

% and 4.3 % more than the IEEE 802.11 Static MAC and the SD-MAC respectively. 

However, with the increasing data load, Dynamic MAC encounters an additional 2 % 

goodput degradation while goodput for SD-MAC and Static MAC stay the same.   

 

 

 

Figure 23: The Network Goodput for 300 Voice Traffic Sources 

 

When the Class 1 goodput of voice traffic case is considered (Figure 24), SD-

MAC and Static MAC provide steady Class 1 goodput, whereas Dynamic MAC 
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encounters a 13 % significant goodput degradation. When the data load is increased, 

Dynamic MAC can not prevent low class users access the channel unlike SD-MAC and 

Static MAC and  that’s why has degraded performance. 

  

 

Figure 24: The Class 1 Goodput for 300 Voice sources 

 

 When the network goodput of VBR traffic case is considered (Figure 25), Static 

MAC achieves up to 5 % and 2.5 % more network goodput than Dynamic MAC and SD-

MAC respectively. 
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Figure 25: The Network Goodput for 40 VBR sources 

 

When the Class 1 Goodput of VBR traffic case is considered (Figure 26), SD-

MAC and Static MAC can provide steady goodput up to 22 % to 25 % more than the 

Dynamic MAC. 
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Figure 26: The Class 1 Goodput for 40 VBR sources 

 

 To conclude, IEEE 802.11e Dynamic MAC can not prevent high priority class 

traffic from low priority class traffic when the low priority class data load increases. 

Therefore, Dynamic MAC is not a good candidate for service differentiation. 

 6.2.2. Short Term Fairness 

 In this section, short-term fairness results of SD-MAC and Static MAC are 

presented and compared. (The short-term fairness results for Dynamic MAC are not 

presented in this thesis) 

For short-term fairness comparisons, CW1
Max is set to 63 in Static MAC, (CW1, 

CW2) pair for SD-MAC is set to (16, 64) Simulations are done for 30 Class 1 traffic 
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sources and number of Class 2 (N2) users are varied. Figure 27 depicts average fairness 

index versus window size for Static MAC and SD-MAC. 

 SD-MAC achieves fairness within window size 2-3 depending on CW and 

number of users whereas Static MAC can achieve fairness within 50-140 window size 

depending on number of users. SD-MAC achieves fairness in the worst case with a 

window size of w=3. However, the IEEE 802.11 Static MAC protocol reaches 67% 

fairness as the best case result for w=3. Considering all the modifications to CMAC, SD-

MAC is still a short-term fair protocol like CMAC where Static MAC is not. 

 

Figure 27: Average Fairness Index for Class 2 (N1 =30) 
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6.2.3. Admissible Regions 

In this section, the admissible regions of each protocol, Static MAC, Dynamic 

MAC and SD-MAC will be presented and compared. For a real time application to be 

acceptable, usually PLR of the application has to be below some threshold value. 

Admissible region is the number of users that can be admitted to the network with a delay 

guarantee while still not violating the real time traffic’s PLR requirement of 10-3. For 

admissible region comparison, three simulation scenarios are used. 

In the first scenario, voice traffic is used as the Class 1 traffic and data load as the 

Class 2. Figure 28 depicts the admissible regions for the protocols. Static MAC has the 

largest admissible region, 5 % more than SD-MAC. The difference is even smaller, 1%, 

for CW pairs of (16,32) or smaller pairs. However, Dynamic MAC has the smallest 

admissible region. Even for 10% data load, it can support up to 17 % and 21 % less Class 

1 traffic than SD-MAC  and Static MAC respectively. Furthermore, Dynamic MAC can 

not support any real time traffic after 70 % data load.  
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Figure 28: The Admissible Region for Voice Traffic under Data Load 

 

 In the second scenario, VBR traffic is used as the Class 1 traffic and data load as 

the Class 2. Figure 29 depicts the admissible regions for the protocols. Similar to voice 

traffic case, Static MAC and SD-MAC have compatible, large and steady admissible 

region whereas Dynamic MAC has relatively very smaller admissible region. For 

example, for CW1
Max = 511, admissible region starts decreasing with increasing data load 

and Dynamic MAC can not support any Class 1 Traffic over 70 % data load. For  CW1
Max 

= 63, admissible region decreases up to 10 Class 1 Traffics. The reason for the sharp 

decrease in admissible region for voice traffic and CW1
Max = 63 case on figure 28 is that 

voice traffic has lower delay bound (25 msec.  versus 75 msec.). 
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Figure 29: The Admissible Region for VBR Traffic under Data Load 

 

In the third scenario, voice traffic is used as the Class 1 traffic and VBR as the 

Class 2. This set of the simulations are needed to evaluate the performance of the 

protocols in differentiating service among multiple real time class traffics which require a 

maximum PLR of 10-3. Figure 30 depicts the admissible regions for the protocols. SD-

MAC with (CW1,CW2)=(4,8) has the largest admissible region and Dynamic MAC close 

to it. However, Static MAC has considerably smaller admissible region. For instance, the 

Static MAC can support 2 voice and 12 VBR sources at the same time. On the other hand  

SD-MAC can support 2 voice and 29 VBR sources or 12 VBR and 120 voice sources. 
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Figure 30: The Admissible Region for Voice Traffic vs. VBR Traffic 

 

To conclude, Static MAC protocol can not support multiple real time traffics 

together and Dynamic MAC protocol can not protect real time traffic from greedy 

sources.  So, both Static and Dynamic MAC protocols are not capable of providing 

efficient service differentiation. However, the SD-MAC protocol does not suffer and 

shows quite well performance in all cases. Therefore, the SD-MAC protocol is a good 

candidate for service differentiation. 
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CHAPTER 7 

 

          CONCLUSION 

 
 With the recent advances in wireless communications and networking area, it has 

been a great challenge for researchers to improve a medium access protocol for providing 

an efficient service differentiation in wireless ad hoc and wireless Local Area Networks 

among different priority class applications that require high goodput, short term fairness, 

low delay and delay jitter. 

 IEEE 802.11 Static MAC protocol assigns different AIFS durations for different 

priority classes to provide service differentiation. However, it is subject to a significant 

goodput degradation when the high priority class is low. 

 On the other hand, IEEE 802.11e Dynamic MAC protocol employs different 

Arbitration Inter Frame Spaces (AIFSs), (CWmin,CWmax) pairs and contention window 

expansion factors (PFs) for different priority class traffics to support differentiated 

quality of service levels. Yet, it can not protect high priority class traffic from greedy 

sources in case of a heavy network load which causes the high priority traffic encounter a 

considerable goodput degradation. 

 The proposed protocol SD-MAC in [1], Service Differentiation via CMAC, uses 

CMAC as an underlying MAC protocol and can easily be implemented using IEEE 

802.11e and CMAC. In SD-MAC, each node has to change its back-off counter based on 

both its own packet’s priority level and the priority level of the transmitted packet. If a 

node hears an ongoing transmission of a packet of higher priority than its own, it has to 

increase its back-off counter linearly. Besides, if it hears an ongoing transmission of a 

packet of lower priority than its own, it has to decrement its back-off counter 
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exponentially. 

The simulation results indicate that, SD-MAC is a short term fair protocol which 

performs well in all network scenarios providing high network goodput with an 

additional small amount of packet loss and goodput degradation. Besides when the 

admissible regions are considered, Dynamic MAC can not support a large admissible 

region compared to Static MAC and SD-MAC when real time traffic and data traffic are 

present in the network. And similarly, Static MAC fails to support a large admissible 

region when multiple real time traffic are present in the network.  

 To conclude, SD-MAC is a suitable and efficient mechanism for service 

differentiation which always provides short term fairness, high goodput, and a large 

admissible region for wireless  ad hoc networks and WLANs. 
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