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ABSTRACT i

ABSTRACT

Wireless networks are less reliable than wired networks because channels are “exposed” to
the surrounding environment that is susceptible to interference and noise. To minimize
losses of data due to collisions, wireless networks need a mechanism to regulate the access
on the transmission medium. Medium Access Control (MAC) protocols control access to

the shared communication medium so that it can be used efficiently.

In this thesis, we first describe the collision-controlled Dual Prohibition Multiple Access
(DPMA) protocol [45]. The main mechanisms implemented in DPMA, such as binary dual
prohibition, power control, interference control, and support for differentiated services
(DiffServ), are presented in detail. We conducted a thorough simulation study on DPMA
protocol from several aspects. First, we conduct simulations to observe the effects of
binary competition number (BCN), unit slot length and safe margin on the performance of
DPMA. Secondly, the DiffServ capability of DPMA is demonstrated through simulation
results. Finally, we compare the DPMA protocol with the CSMA/CA protocol and find
that DPMA with optimal configuration has better performance than CSMA/CA under both

low and high network density.
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CHAPTER 1

INTRODUCTION

1.1 Background

Over the past few decades, wireless ad hoc networks have rapidly grown to one of the most
active field in the wireless communication research. Especially with the fast development
of the innovated technologies, the size of the wireless devices has been shrunk to be more
portable. The cost of the wireless devices is continuously reduced but more advanced
functions are applied to those portable inexpensive wireless devices. These factors push the
ad hoc wireless network from concept to the reality, fuel the increased interests in the
wireless ad hoc network, and lead to the proliferation of the current wireless

communication.

Wireless ad hoc networks consist of a number of wireless nodes that can be rapidly
deployed and communicate through low-cost short-range radio without relying on any
established infrastructure such as base stations or access points (APs). Ad hoc nodes

directly communicate with one another in a peer-to-peer fashion. To facilitate
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communications between distant nodes, each ad hoc node also acts as a router, storing and
forwarding packets on behalf of other nodes. The result is an infrastructureless wireless
network that can be rapidly deployed and dynamically performed to provide on-demand

networking solutions. Figure 1.1 illustrates a simple ad hoc network.

Node
o
» ’.‘V AAAAAAAAAAA
............ @ ... ‘ A v ‘ . v »
..................... R ,
o~ o v e v @< »l
° - " ®

\

o

Wireless Link

Figure 1.1 Ad hoc network architecture.

The main applications of the wireless ad hoc networks appear in places where the
infrastructure networks are difficult to implement (e.g., conference meetings in the

building, festival field grounds, battle fields, historic sites, and so on).

The MAC protocol is one of the keys which determine the performance of wireless ad hoc
networks. The unique characteristics of the ad hoc wireless network make the design of a
good MAC protocol very challenging. In addition to the lack of central control in ad hoc
wireless networks, the challenges behind the fact are that the wireless communication
channel in the ad hoc wireless network is inherently error prone and has limited channel

bandwidth. These difficulties make it harder to design an efficient MAC protocol to share
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limited spectrum resources, and dynamically adapt to the network traffic load, together

with the simplicity of the mechanism and the desired performance.

1.2 Motivations and Objectives

In wireless ad hoc networks, nodes have to contend with each other for medium access.
Kleinrock and Tobagi [3] identified the hidden-terminal problem of carrier sensing, which
makes the CSMA protocol [2] perform very poorly as the senders of packets cannot hear
one another. Figure 1.2 shows the hidden terminal scenario. Node A is transmitting to node
B. Node C is out of the range of A, thus it can not sense the transmission from node A and
wrongly concludes that the medium is idle. If Node C begins transmitting, it will interfere
with the data reception at node B. The reason is that the damage-caused collisions happen
at the side of the receiver (e.g. node B in Figure 1.2) instead of the transmitter (e.g. node C
in Figure 1.2) and therefore, the carrier sensing employed by the transmitter cannot avoid

collisions at the receiver side.

Figure 1.2 The hidden terminal problem

Another problem called exposed terminal problem may also occur when the CSMA
scheme is used to allocate the channel to different nodes. As shown in Figure 1.3, node A

is transmitting to node D. If node B senses the medium before attempting to transmit to
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node C, it will falsely conclude that the medium is busy and hence it is unable to transmit
at this time. However, since D is out of the range of B, B’s transmission will not affect
either D’s reception or A’s transmission. So the transmission of B is unnecessarily deferred
by A when using CSMA to determine if it is available to access the channel. As a result,

the achievable network throughput is reduced.

Figure 1.3 The exposed terminal problem

It is well known that the hidden terminal problem can introduce collisions and the exposed
terminal problem may lead to low efficiency [4], thus both of them can severely degrade

the performance of the ad hoc network.

Many approaches for attacking hidden/exposed terminal problems in the literature are
based on the RTS/CTS mechanism, such as MACA [5], MACAW [4], and FAMA [6]. The
most popular mechanism for the single-channel wireless MAC protocol, Carrier Sense
Medium Access/ Collision Avoidance (CSMA/CA), becomes the basis of the MAC
protocol for the IEEE 802.11 standard [7] [8]. However these RTS/CTS based protocols

can neither successfully eliminate the hidden terminal problems nor deal with the exposed
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terminal problems in the ad hoc environment. Moreover, as shown in [9], when the traffic
load is heavy, the collisions of the data packets may also be caused by the loss of the

RTS/CTS packets.

To alleviate above problems, the newly proposed MAC protocol named DPMA [45] makes
use of the busy-tone like signals (i.e., dual prohibiting signals) to avoid collisions of
RTS/CTS control messages. Also, DPMA implemented power control to increase the
spatial reuse and reduce the interference to neighboring nodes, and thus significantly

improve the network throughput.

In addition, the DPMA protocol takes the additive interference into account during the
medium contention period to minimize the probability of the collisions caused by the

additive interference.

Finally, with the increased demands on quality of service (QoS) applications in the
wireless ad hoc networks, QoS provisioning is essential to the success of wireless ad hoc
networks. Due to the unique feature of prohibiting signals, DiffServ can be easily

implemented in DPMA.

In this thesis, we focus on performance evaluation on the DPMA protocol. By changing
the system parameters, we observe the average throughput, packet delay, collision rate and

blocking rate, to find out the effects of various factors such as binary competition number
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(BCN), unit slot length and safe margin on the system performance when DPMA is
employed. We also want to show through comprehensive simulations that by adjusting the
system parameters to optimal values, DPMA can have better performance than the
CSMA/CA MAC protocol in terms of higher system throughput, lower packet delay and

lower collision rate in both low and high density network environment.

1.3 Thesis Outline

The remainder of the thesis is organized as follows. Chapter 2 overviews the related work
on MAC protocols for wireless ad hoc networks. In Chapter 3, the main mechanisms of the
collision-controlled MAC protocol — DPMA protocol are described in details. In Chapter 4,
an event-driven simulator is developed to evaluate the performance of DPMA, and
compare it with the CSMA/CA mechanism in terms of system throughput, end-to-end
packet delay, and collision rate. Finally, Chapter 5 concludes the thesis and presents some

future research directions.



CHAPTER 2

LITERATURE REVIEW ON MAC PROTOCOLS

Mobile ad hoc networks are gaining more and more popularity for various new
applications. MAC protocols are responsible for coordinating the channel access to the
shared communication medium so that it can be used efficiently. Various MAC schemes
have been developed for wireless mobile ad hoc network and the problems they tried to
tackle include contention/collision resolution, power control, signal interference, QoS, and
etc. In this chapter, we will survey some important and typical works of previously

proposed MAC protocols.

2.1 Single Channel MAC Protocols

2.1.1 IEEE 802.11

IEEE 802.11 is the most popular and widespread deployed standard for wireless local area
networks. This standard specifies two modes of MAC protocols: distributed coordination

function (DCF) mode (for ad hoc networks) and point coordination function (PCF) mode
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(for centrally coordinated infrastructure-based networks). Since PCF is only applied for

infrastructure-based network, we focus our study on the technical details of the DCF.

When DCF is employed, 802.11 networks use a CSMA/CA protocol for sharing the
wireless medium. A combination of both physical and virtual carrier sense mechanisms
enables the MAC protocol to determine whether the medium is busy or idle. The result of
the physical channel sensing from the PHY layer is sent to the MAC layer as part of the
information that decides the status of the channel. The virtual carrier sensing operation is

based on MACAW [4].

- el RIS RTS Data

/,, /,, \\ \\\ A |

5 | [cTs ACK

! | ! J ! :

—» 1
.‘\ . ® ® ! NAV |

c\, A, /B D C .
5 NAV |

(a) (b)

Figure 2.1 Virtual Carrier Sensing using CSMA/CA

As shown in Figure 2.1, node A has data packets to send to node B. Node C is a station
within the range of A (and possibly within the range of B, but that does not matter). Node
D is within the range of node B but not within the range of node A. First, Node A sends an

RTS packet to node B in order to request the permission of transmitting data packets. Once
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node B receives the RTS packet successfully, it will reply with a CTS packet if it is
available to receive data. Upon receipt of the CTS reply, node A begins to transmit data
packet and starts an Acknowledgement (ACK) timer. Upon the correct receipt of the data
packet, node B responds with an ACK packet to terminate the dialogue. If node A’s ACK
timer expires before the ACK gets back to it, the whole procedure will run again. Now let
us see how nodes C and D operate during this transmission process. Since node C is in the
range of node A, after it hears the RTS packet sent by node A, it gets the information about
node A intending use of the medium and places the information in its Network Allocation
Vector (NAV) if the value is greater than the current NAV value. The NAV operates like a
timer. After the NAV reaches zero, the station can transmit if the PHY coordination also
indicates a clear channel. Node D does not hear the RTS, but it does hear the CTS, so it
asserts the NAV for itself and defers from its transmission until node A finishes its data

transmission.

The performance of the IEEE 802.11 MAC protocols in wireless ad hoc network has been
investigated in [10] and [11]. It is observed that hidden and exposed terminal problems
become worse in mobile ad hoc networks (MANET) while using IEEE 802.11 [10]. The
ultimate results show the heavy degradation in throughput and instability of networks. In
[11], it is shown that hidden and exposed terminal problems are more severe in large and

dense wireless ad hoc networks.
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2.1.2 IEEE 802.11e — QoS Extension of IEEE 802.11

IEEE 802.11 MAC protocols are very commercially successful and robust for best effort
traffic, while they are unsuitable for multimedia applications (e.g., voice and video) with
QoS requirements [12]. Without QoS support at the MAC layer, QoS support from higher
layers is not possible. Therefore, QoS guarantee and provisioning at the contention-based

wireless MAC layer is an important and challenging issue.

IEEE 802.11e [13] is the supplementary standard of 802.11 MAC to provide QoS for
different types of applications. In 802.11e, QoS is supported with a new access method
called the Hybrid Coordination Function (HCF). In HCF, two medium access mechanisms
are defined: controlled channel access (Hybrid Coordination Channel Access - HCCA) and
contention-based channel access (Enhanced Distributed Channel Access - EDCA). We
omit the discussion of HCCA, since a centralized infrastructure is needed for its proper
operation, which is not suitable for ad hoc mode. We describe the details of EDCA as

follows.

The EDCA of 802.11e is an enhanced version of 802.11 DCF for priority-based QoS
support. With EDCA, a station can implement up to four access categories (ACs),
corresponding to voice, video, best effort, and background traffic, respectively. Each AC is
associated with one backoff entity and some AC-specific parameters called the EDCA
parameter set composed of Arbitrary Inter-Frame Space Number (4/FSN[AC]), minimum

contention window (CWmin[AC]), and maximum contention window (CWmax[AC)).
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AIFSN [AC] is used to determine the duration of Arbitrary IFS (4/FS[AC]) according to
AIFS[AC] = SIFS + AIFSN[AC] x aslotTime, where AIFSN[AC] >= 2, and aslotTime is the
duration of one slot. Since the value of AIF'SN [AC] is at least 2, the earliest access time for
an EDCA station is after a DIFS. The backoff entities are prioritized according to the
values of their EDCA parameter sets. The smaller the AIFS [AC] or CWmin[AC], the
higher priority in medium access, and thus, the higher throughput. The backoft interval for

an AC in EDCA is randomly selected from [1, CW/], instead of [0, CW—1] as in DCF.

The operation of 802.11e EDCA is described as follows. Each data frame from the higher
layer arrives in the MAC layer with a specific priority value. Then, each frame is mapped
into an AC based on the specified priority. The values of the EDCA parameter set for each
AC are announced periodically by the AP via beacon frames. Each AC behaves as a single
enhanced DCF contending entity, and the corresponding queue has its own AIFS, backoff
interval, and contention window (CW). After each unsuccessful transmission attempt, the
CW is doubled until a retry limit or the maximum CW is reached. The collision is handled
in a virtual manner. That is, the highest priority frame among the colliding frames is
chosen and transmitted, and the others perform a backoff with an enlarged CW value. Note
that there is no priority among EDCA stations, different EDCA stations have to compete

for channel access with equal opportunity.

IEEE 802.11e EDCA mechanism provides QoS differentiation by grouping traffic into

ACs with different priorities. However, when the number of stations within an AC is
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increased, the probability of two or more stations choosing the same backoff value leading

to packet collision will be increased.

2.1.3 Power Control Medium Access

Power control is a critical research area of MAC protocols for mobile ad hoc networks
because of the limited battery capacity of wireless devices and scarce radio resources. The
goal of power control is to adjust transmitting power levels on wireless nodes to improve
performance. There are two major benefits of power control: spatial reuse and energy
saving.

e Spatial Reuse: Lower transmitting power leads to smaller interference. As a result,
multiple concurrent transmissions may occur in the vicinity of each other. This
increases the spatial reuse and leads to the increased capacity of the network.

e Energy Saving: By reducing the transmitting and receiving powers on wireless nodes,
power consumption of the wireless nodes is reduced accordingly. Hence it is

important to preserve energy and potentially extend the lifetime of an ad hoc network.

A lot of research has been performed to incorporate power control schemes into MAC
protocols such as [14-18, 38]. As an example, we review the basic and typical power

control MAC protocol named PCM proposed in [14].

In [14], the RTS and CTS packets are sent using the maximum transmit power level,

whereas the data and ACK packets are sent with the minimum power required to
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communicate between the sender and the desired receiver. An example scenario is depicted
in Figure 2.2. Node D sends the RTS to node E at a maximum transmit power level (say,
Pmax), and also includes this value in the packet. Node E measures the actual signal
strength (say, P;) of the received RTS packet. Based on Py, P; and the noise level at its
location, node E then computes the minimum necessary power level (say, Pg.s) that would
actually be sufficient for use by node D. Now, when node E replies with the CTS packet
using the maximum power, it includes the value of Py, that D subsequently uses for data
transmission. Since Note G is able to hear this CTS packet, so it defers its own
transmissions. Meanwhile, node E also includes the power level that it used for the
transmission in the CTS packet, then node D follows a similar process and calculates the
minimum required power level that would get a packet from node E to itself. It includes
this value in the data packet so that node E can use it for sending the ACK. Note that the
PCM also stipulates that the source node periodically increases the transmit power to the
maximum power level, and also, the interval which the DATA is transmitted at Py,.x should
be long enough so that nodes in the carrier sensing range, such as node A, may sense it.
Therefore nodes that can potentially interfere with the reception of ACK at the sender will
periodically sense the channel as busy, and defer their own transmission. PCM thus
achieves energy savings without causing throughput degradation. The operation of the
PCM scheme requires a rather accurate estimation of received packet signal strength.
Therefore, the dynamics of wireless signal propagation due to fading and shadowing effect

may degrade its performance.
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Figure 2.2 Power control example in PCM protocol.

Furthermore, in PCM, RTS and CTS packets are transmitted with maximum transmission

power, which leads to low rate of spatial reuse and thus low system throughput. The reason

is that the nodes within the range of senders or receivers are probably blocked by RTS or

CTS packets unnecessarily. Another major problem with PCM protocol is the calculation

of the required transmission power at senders and receivers. Only the distance factor is

considered without taking into account the signal to noise ratio (SNR). The fact is that, if

the value of SNR is below a certain limit, the signal of data packets can not be

demodulated correctly which results in the failure of data packets reception.

2.2 Separate Channel MAC Protocols

The traditional RTS/CTS handshake mechanism usually operates with single frequency

channel. Although such a direction of research on single channel is still dominant, the
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recent technological advances in radio hardware for wireless networks have made available
transceivers that can support two or more simultaneous channels. Moreover, the high
collision rates for RTS/CTS dialogue mechanisms over a single channel also brought more

attention to the research on multiple access by using multiple separate channels.

In this section, we investigate the previous works on using parallel independent frequency
channels at the MAC layer. Those proposed schemes can be generally categorized into 3
approaches. Some of the multi-channel protocols dedicate one channel for the control
packets and one separate channel for data packets [19, 20], thus the collisions between the
data and the control messages are naturally avoided, packet delay is reduced, and the
power consumption can be deducted. Those protocols can be further classified into
separate channel without busy tone and separate channel with busy tone/busy-tone like
signal. For the scheme without busy tone, only RTS/CTS handshake messages are
exchanged in the dedicated control channel and the multiple channels are used for data
packets transmissions [19]. It can potentially increase the throughput by assigning more
channels for data transmissions, and significantly decrease collisions because parallel
transmissions in different channels will not interfere with each other. However, it is hard to
assign different channels to different nodes in real time. In the schemes with busy tone
signals [3, 9, 21-25], the busy tone signal are transmitted in the control channel to notify
the nearby nodes that an ongoing reception is in progress and thus the hidden/exposed

terminal problems are solved or alleviated.
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Another approach combining the power aware/power control mechanism with the separate
channel technique [22, 23] is more focused on energy saving. The nearby nodes overhear
the RTS/CTS messages can go into sleep mode to reduce the probability of collisions and
increase energy efficiency. Power control can not only reduce the energy consumption, but

improves the network throughput by increasing the channel spatial reuse.

Finally, there are lots of other approaches using separate channels studied in recent years.
Such as using directional antennas in order to increase the spatial reuse and alleviate the
hidden and exposed terminal problems. However, recent researches show that the new type
of hidden/exposed terminal problems might be introduced by applying the directional

antennas.

The following subsections provide a detailed description for some of the typical separate

channel MAC schemes.

2.2.1 Separate Channel MAC without Busy Tone

As the number of nodes increases, the probability of the collision increases quickly with
single channel implementation. Most of the collisions happen between RTS/CTS packets
and the ongoing data transmission. There are many studies working on using separate

channels for control and data packets [19, 20, 26].
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In this classification, some protocols use one dedicated channel for control packets. In
DCA (Dynamic channel assignment) [1], the RTS/CTS mechanism is still used in control
channel for random medium access and dynamic channel assignment. One or more data
channels are assigned for DATA/ACK packets transmission. Each node is equipped with
two half-duplex transceivers, and the overall bandwidth is divided into one control channel

and N data channels.

Ch 3 (Data)
Ch 2 (Data)
Ch 1 (Data)
Ch 0 (Control)| [GLEL I CTSA . RTS2 I cTS?2 . RTS3 I CTS3

Figure 2.3 Dedicated control channel approach.

The operations of DCA are illustrated in Figure 2.3. In the Figure 2.3, channel 0 is the
control channel and channels 1, 2, and 3 are for data transmission. When a transmitter
wants to send data packets to a receiver, it transmits an RTS packet in the control channel.
That RTS includes a list of preferred channels. Upon receiving the RTS, the receiver
decides on a common channel for data transmission, and replies with a CTS packet to the
transmitter in the control channel. The channel information is included in the CTS packet.
The RTS and CTS packets contain a NAV field, as in 802.11, to inform other nodes of the
duration when the chosen data channel is busy. Since all nodes listen to the control channel

all the time, they can collect channel information even during data packet exchange.
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Note that the mobile nodes assign data channels in “on demand” style. The simulation
results indicate that the multi-channel MAC protocols outperform its single-channel
counterpart. However, the hidden and exposed terminal problems can only be partially
addressed, since the RTS/CTS-like dialogues are unable to solve hidden/exposed terminal
problem completely in wireless ad hoc networks. Moreover, if all channels have the same
bandwidth and the number of channels is small, one channel dedicated for control

messages can be costly.

2.2.2 Separate Channel MAC with Busy Tone

In the above section, the approach using separate channel without busy tone is still
RTS/CTS handshake based. The above approach can increase the throughput by utilizing
one or more dedicated channels for data transmission simultaneously. Meanwhile data and
control packets are separately transmitted in the independent dedicated channels, thus the
overall collisions are greatly reduced by eliminating the interference between the data
packets and control packets. However, when the propagation and transmission delays are
long, the collisions between RTS/CTS packets will increase dramatically. This will result
in the destruction of data packets especially when the traffic load is heavy. Consider the

example shown in Figure 2.4.
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Figure 2.4 A scenario that B’s CTS is destroyed at D by C’s RTS/CTS.

In Figure 2.4, Node A sends an RTS to node B. Node B replies to node A with a CTS.
Meanwhile, as node C cannot hear node A’s RTS, it may send an RTS to start a data
transmission with node D or a CTS to respond to node E’s RTS. In either case, D can hear
neither node C nor node B’s RTS/CTS, but the data transmission from A and B will
continue as normal. If later node D decides to send any packet while node A is transmitting

to node B, the packet will be collided at node B.

To solve this problem, another scheme [3, 9, 21, 25] using a special signal called busy tone,
to prevent the potential data collisions caused by the unawareness of the RTS/CTS
dialogues. The scheme also employs two separate channels: one for the data channel, the
other for the control channel, which is still RTS/CTS dialogues\ based. In addition, one or

more narrow-band busy tone signals, which work on different frequency spectrums, are
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applied to add the similar capability as the carrier sensing. By utilizing this early-warning
mechanism, the scheme with busy tones may realize the collision free [9].

There are many schemes based on busy tones in the literature. BTMA [3] is the first
protocol that proposed the idea about utilizing an additional channel transmitting the busy
tone signal, in order to address the hidden terminal problem. When a base station senses a
busy data channel, it broadcasts a busy tone signal over the busy tone channel to prevent
the hidden neighboring terminals from accessing the channel. The BTMA was designed for
a centralized network infrastructure, which is not applicable in mobile ad hoc networks.
Even though the BTMA can be extended for packet radio networks by having all the nodes
within the range of the sender turn on busy tone, it makes the exposed terminal problem
worse since the potential concurrent transmission is blocked within the double radius of the
sender. As a modification to BTMA, a receiver-initiated busy-tone multiple access (RI-
BTMA) protocol has been proposed [27]. In this scheme, only the receiver generates the
busy tone if it senses the channel to be idle and successfully receives the preamble
including the receiver’s address from the transmitter. Once the transmitter hears the busy
tone, it knows that the receiver is ready to receive. IT then transmits data packets in the
dedicated data channel. Otherwise, the sender reschedules another try in the next reserved
slot. As shown in the paper [27], it can achieve data packets collision free, and improve the
efficiency of the network resource by employing only one busy tone. However, the

preambles may still suffer the collisions.
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Building upon the earlier work of the BTMA and RI-BTMA, Hass et al. [9] introduces
dual busy tone multiple access (DBTMA), and several revisions of the DBTMA [27].
DBTMA employs two independent separate channels, a narrow-band channel for control
packages and a data channel for data packets. Meanwhile, the transmit busy tone (BT;) and
the receive busy tone (BT;) are used to protect the transmission of the RTS packet and data
packets. Those two narrow-band busy tones are placed on the spectrum at different

frequencies with enough separation, as shown in Figure 2.5.

BTt BTr
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channel € channal
< >
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Figure 2.5 DBTMA frequency chart

As the transmitter is ready for transmitting data to the intended receiver, it senses the busy
tone in the control channel first. If no BT; is heard, which means the intended receiver is
not currently receiving from any hidden station, the sender transmits a RTS packet to the
intended receiver over the control channel. Once the receiver has received this RTS packet,
it keeps sensing the BT, in order to ensure that no other nearby ongoing data transmission
will interfere with the forthcoming data packet reception. If no busy tone (BT) is sensed,
the receiver replies with a CTS packet. Meanwhile, it turns on busy tone BT, to prevent the

hidden terminals from transmission until the whole data packet transmission is completed.
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Upon receiving the CTS packet from the intended receiver correctly, the senders start
sending the data packets and turn on the busy tone (BT;) to avoid the exposed terminals

from transmission until the data packet is completely received.

In summary, the operation of DBTMA is simply described as follows. A host should not
send if it hears any BT, and should not intend to send if it hears any BT;. With the aid of
the BT and the BT, DBTMA is able to handle the hidden/exposed terminal problems. By
separating the data channel from the control channel, the collisions between the control
and data packets are avoided. Moreover, in comparison with RI-BTMA, DBTMA provides
extra protection for the RTS packet with the help of the BT, As shown in [9], the
performance gain of DBTMA over RI-BTMA is about 20%. However, DBTMA scheme
and its revised versions are still based on the exchange of RTS/CTS dialogues. Since
control packets themselves are prone to collisions, CTS packet collisions will cause the

collision of the data packet inevitably.

2.2.3 Separate Channel with Power Control

To further improve the performance of the mobile ad hoc network, the power aware/power
control mechanism is integrated into the separate channel scheme [22, 23, 28]. With the
benefit of employing power aware/ power control, more concurrent transmissions in the

neighboring nodes are enabled and the network throughput can be improved consequently.
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Power aware multiple access with signaling (PAMAS) [29] is developed from the MACA
protocol [5]. It uses separate channels for RTS/CTS control packets and data packets. The
RTS/CTS handshake is applied in the control channel. In addition, PAMAS includes the
duration of the upcoming transmission in both RTS and CTS packets. Therefore, the
nearby nodes overhearing RTS/CTS packets should turn off their power for the duration of
the forthcoming transmission, which can be obtained from the received RTS/CTS packet.
The results of simulation and analysis [29] show that around 10% to 70% power saving
can be achieved. However the scheme is designed mainly for power saving. Collisions can
still occur between probe messages or RTS/CTS packets, and thus the collisions might be

the main wastage of the energy.

Dynamic channel assignment with power control (DCA-PC) [30] is an extension of DCA
[31] protocol. DCA-PC combines the concepts of power control, channel assignment, and
multiple channel medium access. It has one control and N data channels. The control
packets are exchanged over the control channel with the maximum power. Based upon the
exchanged control messages (RTS/CTS/RES), each node keeps updating a table of power
level used to transmit to the intended nodes and maintains the list of the free channels.
Therefore, the sender can choose an appropriate free data channel dynamically, and
transmit the data with a power level appropriate to reach the receiver. It has been shown
that DCA-PC can achieve higher throughput than DCA. However, the additional control
packet (RES) will not only increase the total overhead of the control messages, but the

collisions among RTS/CTS/RES packets themselves will happen with higher probability.
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This will greatly degrade the network performance especially when the traffic load is

heavy.

Another power control based protocol with busy tones was proposed in [23]. The idea is to
combine the mechanisms of power control, RTS/CTS dialogue, and busy tones. In [23], the
sender transmits data packets and BT; with the minimum power, while the RTS packet is
transmitted at the power level determined by the received highest level of the surrounding
BT,. Hence, the RTS signal should not go over the nearest nodes that are receiving data
packets. If the RTS packet can be successfully received by the intended receiver, the
receiver replies with CTS and sets up BT, at the maximum power. The nearby nodes
calculate the channel gain based upon the strength of the received busy tone. Finally, the
power level of the data packets and BT is estimated by the following equation:

P_.P
P — min~ max 2. 1
T 2.1)

r

Where P. is the level of the power at which the sender receives the CTS packet. The

r

above algorithm is to ensure that the yet-to-be-transmitted data packet will not corrupt the
ongoing receptions. However the algorithm in this protocol does not take into account the
changes of the interferences caused by the new joined transmissions. Consequently, the

collisions might happen in the future transmission and the performance might get worse.
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2.2.4 Other Separate Channel MAC Protocols

The MAC protocols stated above all assume the usage of the omni-directional antennas. In
the recent years, another interesting approach [32] is proposed, which utilizes the
directional antenna as an alternative means to increase the effectiveness of spatial reuse. In
[32], DBTMA/DA is proposed as the extension of DBTMA [9] by adding the feature of
transmitting the busy tones with directional antennas. Similar to DBTMA, in DBTMA/DA,
separate channels are used for the transmission of the control and data packets, busy tones
are transmitted directionally. By using the directionally transmitted BT, the exposed
terminal problem is alleviated, and the network capacity is increased. In the mean time, the
directional BT, allows the nodes to transmit in the directions to avoid collisions with the
ongoing transmission. In [32], DBTMA/DA was shown to have much better performance,

in terms of throughput and end-to-end delay, than IEEE802.11 MAC.

However, the tradeoff of using directional busy tone (BT;) is illustrated in Figure 2.6 [32].

{a) Omnidirecional BTr &=»  (b) Duectional BTr -~

Figure 2.6 Tradeoff of using directional BTr
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As shown in Figure 2.6, when directional BT; is turned on during the data transmission
from node A to node B, node C can not hear node B’s BT;. Therefore, node C is allowed to
transmit RTS and data packets to node D, which could collide with the ongoing
transmission between node A and node B. This is defined as the new hidden terminal
problem. Moreover, the use of the directional busy tones brings not only the new hidden
terminal problem, but the new exposed terminal problem and the deafness problem as well

[33].

2.3 Summary

Some of the reported MAC protocols have been reviewed in this chapter. The aim is to
give an overview of these important channel access mechanisms that are closely related to
the research work in this thesis. We divided these MAC protocols into two categories:
single-channel MAC and multi-channel MAC. In the single-channel category, we first
reviewed the MAC schemes in the most deployed standard IEEE 802.11 and its QoS
enhancement. Then we introduced the power control mechanism in the PCM protocol.
From the study of this protocol, we can see that power control is very useful for saving
energy and increasing the spatial reuse in mobile ad hoc network. For multi-channel
category, we investigated in detail the busy tone mechanism in several protocols such as
DBTMA, DCBMA, BTMA and DBTMA-DA. Through the study of these protocols, we
found using busy tones can efficiently deal with exposed/hidden terminal problems in ad
hoc network. Again, power control mechanisms for multi-channel MAC protocols such as

PAMAS and DCA-PC are also studied. From insight into previous MAC protocols, we
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found that the schemes in these protocols for collision-control and QoS provisioning are

not efficient enough and still have much room to improve.

As we mentioned before that high collision rate is the main factor that degrades the
performance of the single channel MAC schemes significantly with the number of mobile
stations increasing. Hence the new MAC schemes, which have the independent dedicated
channel for transmitting the data and control packets individually, are proposed to avoid
the most collisions between those control and data packets. Meanwhile, by integrating the
other novel and interesting techniques (such as power aware/ power control, busy
tone/busy-tone like signal, directional antennas, etc.,), the separate channel MAC scheme
can further expand the capacity of the network, increase the effectiveness of the channel

utilization, and improve the aggregate throughput.

For example, with the aid of busy tones, the new scheme [9] can provide additional
protection for data and control packets, and solve the hidden/exposed terminal problem. It
can also be extended to the wireless sensor networks. Antonio proposed DCMA/AP [34] as
an example to apply dual channel with busy tones for wireless sensor networks. Another
option is to apply one control and N data channels, and dynamically assign the channels
for the concurrent data transmissions, to improve the network capacity and increase the
channel reuse. Also, by introducing the sleep mode, the power-aware MAC schemes [29]

focus on power saving and maximizing the battery life of the portable devices. The power
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control based MAC schemes [23] are able to greatly improve the network capacity via

limiting the transmission power and reducing the interference range.

However, the separate channel protocols stated above are still mostly based on the
RTS/CTS dialogues to reserve the use of the channels for data packets transmission.
Furthermore, the control overheads caused by those RTS/CTS like control packets will
increase with the number of nodes increasing. Therefore, in the collision prone ad hoc
network environment, the collisions caused by control packets are unavoidable, and

considerably degrade the performance of the network and waste the network resources.



CHAPTER 3
THE DUAL PROHIBITION MULTIPLE ACCESS

(DPMA) SCHEME

With the continuously increasing needs for the applications in wireless ad hoc networks,
high collision rate in medium access becomes one of the important factors that molests
various wireless applications to further extend themselves into diverse fields of the real
world. In wireless ad hoc networks, central control is unavailable and nodes have to
contend to access the channel in a distributed manner. The single-channel MAC protocols
using RTS/CTS dialogues cannot deal with the hidden and exposed terminal problems very
well, which leads to unavoidable collisions of data and control messages, especially under
heavy traffic load. In [45], instead of employing conventional RTS/CTS dialogues, Yeh
proposed the dual prohibition multiple access (DPMA) scheme, which applies power-
controlled binary countdown dual prohibition mechanism as the core technique to solve
some problems with previous RTS/CTS mechanisms. Meanwhile, DPMA is also able to
control packet collision rates for data messages, and increase wireless network spatial

utilization.
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This chapter is organized as follows. In Section 3.1, we give a brief overview to DPMA.
Section 3.2, main mechanisms of a synchronized DPMA protocol are described in more
detail, and several advantages of DPMA are pointed out. Finally, Section 3.3 summarizes

this chapter.

3.1 Protocol Overview

Medium access contention is one of the main challenges in wireless networks without
central control. DPMA can be globally synchronized, locally synchronized, or
asynchronous. In what follows, we describe a synchronized version of DPMA for
simplicity. Two channels are used for the transmissions of control signals and data packets,
respectively. The control channel is slotted for dual prohibition. The nodes with data
packets to be transmitted compete with each other using dual prohibiting signals, which are
busy-tone like signals (see details in Section 3.2.1), in the control channel. The advantage
of the prohibiting signals is that those signals do not suffer from collisions. By employing
binary countdown dual prohibition mechanism, collisions of data packets can be prevented
or reduced. In addition, the additive interference control mechanism (see details in Section
3.2.2) is applied to reduce the collisions caused by the additive interference from the
simultaneous data packet transmissions, and thus be able to support parallel data
transmissions over the data channel. Furthermore, by combining with the power control
mechanism, DPMA is able to increase the number of concurrent transmissions as long as

those transmissions do not interfere with each other. Different from the power control
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mechanism in the previous dual channel MAC protocols [1, 22, 23], receivers compute the
power level of the prohibiting signals based on their remaining interference tolerance
(RIT). In this way, the neighboring intended transmitters are able to calculate the
maximum allowed transmission power (MAP) based on the received prohibiting signal

strength to avoid colliding the packet reception at the receiver.

Finally, efficient differentiated services (DiffServ) with fairness (see Section 3.2.4) are
supported in the DPMA protocol. Specifically, the DiffServ and fairness are realized
through binary competition numbers (BCNs). Here, the BCN is composed of three parts,
1.e., the priority number part, the random number part, and the station ID part. During the
prohibition stage, transmitters are prohibited by nearby receivers with higher BCN and
receivers are prohibited by transmitters with higher BCN through their prohibiting signals.
Meanwhile, the random number part following the priority number part is useful for the
data channel to be fairly shared by all the mobile nodes and the starvation problem is

solved.

3.2 DPMA Protocol Description

Several key techniques and mechanisms are utilized in the synchronized DPMA protocol
to reduce collision rates, increase system throughput and channel utilization, and provide

QoS capability. We describe each of them in detail in the following sections.
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3.2.1 Binary Countdown Dual Prohibition

First of all, for better understanding the operation of the dual prohibition mechanism in

DPMA, we start by depicting the time diagram of slot assignment for the control channel.
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Figure 3.1 The time diagram of the control channel in DPMA

As shown in Figure 3.1, in the control channel, the time axis is partitioned into “contention
round” of equal length of. Each “contention round” starts with the prohibition slots
followed by a declaration slot. The “contention round” is used for resolving the access
contention among mobile stations. At first, the competing nodes which have data packets
to transmit begin to compete with each other in the prohibition slots. By applying the
binary countdown contention mechanism, the competitors send the prohibiting signals
according to their individual BCN. The nodes with lower BCN are prohibited by the

competing nodes with higher BCN. The winners of the binary countdown competition will
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transmit declaration messages in the declaration slot and then begin their data

transmissions in the data channel right after the “contention round”.

In the following, we present an example for implementing the binary countdown dual

prohibition mechanism in DPMA.
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Figure 3.2 The slot assignment for prohibition slots in DPMA

As shown in Figure 3.2, the transmitter prohibition subslots and receiver prohibition
subslots are interwoven in the contention round. Transmitters and receivers send their
prohibiting signals in the transmitter prohibition subslots and the receiver prohibition
subslots, respectively. Also, transmitters or receivers send prohibiting signals based on the
corresponding BCNs which are k-bit binary numbers. Note that, a competing transmitter
senses the status of all receiver prohibition subslots, but does not sense any transmitter
prohibition subslot; while a competing receiver senses status of all transmitter prohibition

subslots, but does not sense any receiver prohibition subslot.
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In the transmitter prohibition subslot, the competing transmitters whose current bit of its
BCN is “1” send prohibiting signals at an appropriate power level. The competing
transmitters whose current bit of its BCN is “0” keep silent. All competing receivers sense
whether there is any prohibiting signal during this slot. The receiver whose current bit of
its BCN is “0” and receives a power level above the threshold 7/ loses the competition.
The receiver whose current bit of its BCN is “0” and receives a power level below the
threshold 7/ survives. The receiver whose current bit of its BCN is “1” and receives a
power level below the threshold 72 loses the competition. Otherwise it survives. The
calculations of 7/ and 72 are as follows:

Tl = Py, (3.1)
P, 1s the receiver’s remaining tolerance of data interference.

12=P,, (3.2)

P, 1s the minimum received signal power for the receiver to correctly decode data

1

packets.

Similarly, in the receiver prohibition subslot, the competing receivers whose current bit of
its BCN is “1” send prohibiting signals at an appropriate power level. The competing
receivers whose current bit of its BCN is “0” keep silent. All competing transmitters sense
whether there is any prohibiting signal during this slot. The transmitter whose current bit of
its BCN is “0” and receives a power level indicating that its intended transmission will
collide with the corresponding receiver’s data reception loses the competition. The

transmitter whose current bit of its BCN is “0” and receives a power level indicating that
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its intended transmission will not collide with any corresponding receiver’s data reception
survives and continue with the competition. The transmitter whose current bit of its BCN is
“1” and receives a power level below the expected power level of its own receiver’s
prohibiting signal loses the competition. Otherwise it survives and continues with the

competition.

If a mobile station survives all k bit-slots, it becomes a candidate for transmitting or
receiving and will send declaration signal in the declaration slot. In the declaration slot, if a
transmitter or receiver detects the declaration signal of its partner successfully, it becomes
the winner of the competition and will be able to transmit or receive data packets in the

data channel. Otherwise, it loses the competition.

3.2.2 Power Control

In DPMA, the power control mechanism is implemented by controlling the power level of
the prohibiting signal, declaring signal and the data packet signal during the contention
round/data transmission period. Note that an on-going transmission could cause significant
interference to its neighboring nodes. Therefore, by cooperating the power control
mechanism with the dual prohibition mechanism in DPMA, a larger number of
simultaneous transmissions may be permitted. As a result, the channel spatial utilization
can be maximized and the network throughput is improved significantly. In addition, it
also leads to energy efficiency. From the example scenarios shown in Fig. 3.3, we can

obviously see that when nodes A, B, C, G, and I are transmitting to nodes D, E, F, H and J,
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respectively, the number of blocked mobile nodes for the case of using power control is
considerably reduced compared to the case of using fixed transmission power.

Consequently, the former can produce higher throughput than the latter.

Scenario of transmission with fixed power

Figure 3.3 Comparison of power control and fixed transmission power.
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3.2.3 Additive Interference Avoidance

Through the additive interference avoidance mechanism, unnecessary prohibitions by

nearby competing mobile stations can be avoided.

First of all, the controlled power level of both the transmitter/receiver prohibiting signal
and the transmitter/receiver declaration signal should be set properly by applying the
additive interference avoidance mechanism. The time diagram for those prohibiting signals

is illustrated in Figure 3.4.
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Figure 3.4 Time diagram of prohibiting signals.

Step 1:
During the transmitter prohibition subslot, all survival competing transmitters which have
bit “1” of their BCN send prohibition signals at the power level related to the associated

data packet transmission, which can be computed by the following equation:
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Py =Py, xd” (3.3)
Here we assume free space simulation model is used, where « is 2. However, in the real

environment, because of pathloss, fading and shadowing factors, @ will be larger than 2.

P,, denotes the transmission power of the transmitter. d is the distance between the

transmitter and the intended receiver. P

sin 18 the minimum received signal power for the

receiver to correctly decode data packets.

On the receiver side, those competing receivers measure the strength of the received
additive prohibiting signal during the transmitter prohibition subslot. If the competing
receiver is supposed to receiver a signal with bit “0”, the prohibition signal threshold on

the receiver side 7’1 should be computed using equation (3.1)

If the competing receiver is supposed to receive a prohibiting signal with bit “1” and the
measured prohibiting signal strength is above the prohibition signal threshold 72 (see
equation (3.2)), which means the receiver correctly receive the “matched” bit from the
active corresponding transmitter, the competing receiver survives and remains in the
competition. Otherwise, the competing receiver loses the competition and keeps silent for

the rest of the “contention round”.

Step 2:
During the receiver prohibition subslot, the survival competing receivers with bit “1” at the

corresponding bit of its BCN transmit the receiver-prohibition-signal with controlled
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power level ( P,,). P, can be computed based on the measured additive transmitter-

prohibiting-signal during the previous transmitter prohibition subslot, as shown in the

following equation:

Prp = —— (3.4)

P, 1s the receiver’s remaining tolerance of data interference.

At the same time, on the transmitter side, if the competing transmitter is supposed to
receive prohibiting signal with bit “1” and the received signal power is above P,,/d2 (d
is distance from the transmitter to its receiver), then the transmitter considers itself to have
correctly received the “matched” bit from the its corresponding receiver. It survives.

Otherwise, the transmitter loses the competition.

If the competing transmitter is supposed to receive prohibiting signal with bit “0”, and
its P, is less than P,,,, (which is the maximum allowed transmission power), it survives

the competition. Otherwise it loses it because its transmission will probably collide the

data reception of nearby receiver(s) with higher BCN.

Step 3:
In the declaration slot, the winning transmitters and receivers send declaring signals to
inform their partners about their current status. If both sides of the transmitter/receiver pair

are successful in the competition, this transmitter/receiver pair will be able to transmit in
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the following transmission phase. Another important function of the declaring signals is to
update the database of surrounding nodes. Particularly, the nodes in the range of the
intended transmitters will update the total data interference they received, and the nodes in
the range of the intended receivers will update their maximum allowed transmission power.
After declaration, the winning competitors begin to transmit data packets in the data

channel without causing data collisions to neighboring receivers.

3.2.4 Support for DiffServ and Fairness

As we stated in Section 3.1, a BCN consists of three parts: priority number part, random
number part, and station ID part. The ID should be unique or be unique with high
probability to reduce the collision rate. For the nodes with the same priority, nodes with
higher station ID number will always prohibit nodes with lower station ID number, which
results in unfair medium access. To eliminate this problem, we add a random number part
before the station ID part. The random number part is selected randomly every time when
we assign the BCN to the mobile station. In this way, DPMA achieves fairness among all

the mobile stations. In the following, we explain these two mechanisms in detail.

Assuming there are four competing pairs (A, B, C, and D) with one of four priorities from
the highest priority to the lowest priority and assigned a 2- bits binary priority number,
ie., 11, 10, 01 and 00, respectively (see Figure 3.5). They are located in the prohibiting
signal range of each other, and are competing for the medium access. For the first bit, the

competing pair A and B sends prohibiting signal of bit “1°. If the competing pairs C, and D
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sense the channel and hear the prohibiting signal, they will quit at once. Therefore, the
competing pairs C and D with lower priority are killed in the competition. Competing pair
A and B win and continue to send prohibiting signal of bit “1” for A and bit “0” for B.
Competing B is killed in this round and A with the highest priority wins the whole
competition and gets the right to send its data packets. In this way, differentiated services

are provided for mobile stations with different priorities.

Bit Number of BCN
A |1 |1 o (1 [0 JO |0 |0 |1
B |1 [0 JO [0 |1 JO0 |0 |1 |O
c |0 |1 g1 (O |1 QO (1 |0 |O
D |0 (0O JO (O |1 1 |O |1 |O
Priority | Random Station ID
Number | Number number

Figure 3.5 Example of DiffServ and fairness in DPMA

However, we can notice that, for different mobile stations with the same priority, higher
station ID will always win the competition, which results in unfairness during the medium
access process. The solution to this problem is to randomly assign a random number to
each mobile station and put this random number part before the station ID part in the BCN.
In this way, different mobile stations with the same priority will have the same chance to
win the competition and get the right to send data packets. Please note that if two nodes

obtain the same BCN by accidentally and their receivers are within each other’s
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transmission range, they will both win the competition and collisions could happen during

data transmission.

3.2.5 Advantages of DPMA Protocol

e Solving hidden/exposed terminal problems

One advantage of the DPMA protocol is that it solves hidden/exposed terminal problems
without relying on collision-prone RTS/CTS messages. With RTS/CTS handshake
mechanism, intended transmitters and receivers block neighboring nodes by exchanging
RTS/CTS control messages. However, in DPMA, the intended transmitters and receivers
compete with neighboring nodes through prohibiting signals which do not suffer from
collisions and at the same time, collided transmissions of data packets can usually be
prevented by the competitions. As a result, several problems of IEEE802.11 and other

RTS/CTS-based protocols can be avoided naturally.

e Increasing spatial reuse

The power control mechanism can easily cooperate with the dual prohibition mechanism
by applying the appropriate transmission power levels for the data transmission in the data
channel and the prohibiting/declaring signal in the control channel. This results in smaller
prohibitive ranges as well as smaller coverage ranges for data packets, as compared to

IEEE 802.11 RTS/CTS handshake mechanism. Therefore, it can allow more concurrent
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transmissions within the same area/region, which improves the special reuse and reduces

the energy consumption.

When both power control and additive interference control mechanisms are employed in
DPMA, the special reuse can be increased, which leads to optimal network performance

and efficient energy consumption.

e Provisioning QoS and Fairness
By simply utilizing the priority number part of the BCN in the dual prohibition mechanism
during the competition period, DPMA is able to provision quality of service (QoS) during

medium access control in wireless ad hoc networks.

During prioritized data transmissions, it is possible that a node occupies the channel for a
long time and starves the other nodes with the same priority from accessing the medium,
which is called the starvation problem. This problem can cause severe unfairness among
nodes with the same priority. However, in DPMA, by inserting the random number part
between the priority number part and station ID part, the nodes with the same priority are
randomly assigned with different random numbers. In this way fairness is achieved among

nodes with the same priority number. At the same time, DiffServ is still maintained.
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3.3 Summary

In this chapter, the operation of DPMA protocol is described. Instead of employing the
traditional RTS/CTS dialogue, binary countdown dual prohibition is applied as the core
and powerful technique to solve the inherited problems from RTS/CTS mechanisms, such
as hidden/exposed terminal problems. DPMA also supports power control and interference

control, which can lead to considerably better spatial reuse and energy efficiency.



CHAPTER 4

PERFORMANCE EVALUATION

In this chapter, we conduct comprehensive simulations to investigate various factors on the
performance of the DPMA protocol, such as the binary competition number (BCN), the
unit slot length and the effect of the safe margin. We also test the DiffServ capability of
DPMA. Finally, DPMA is compared to CSMA/CA in terms of system throughput, end-to-

end packet delay, collision rate and blocking rate.

An event-driven simulator is developed using C programming language, which provides a

good platform to observe and evaluate the performance of the DPMA protocol.

4.1 Simulation Model

4.1.1 Experimental Setting

The simulation is implemented using the following assumptions:
e All the nodes are randomly distributed within the 30 * 30 unit grid simulation field.

Two independent random number generators are used to generate the location for each
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node, i.e., one for x axis and the other for y axis. The number of nodes varies from 90
to 180 to observe the effects of different densities on the evaluated protocols. That is to
say, mobile stations (MSs) are distributed randomly with density D throughout the
network area during the simulation initiation process. The density D is defined as the
average number of MSs in the maximum transmission range of a mobile station. We
assume that the MSs are stationary throughout the simulation.

e FEach MS is a Poisson source with a data packet arrival rate. The total traffic load is the
aggregate of the arrival rates of the MSs in the network. For each packet, a destination
is selected from the set of possible neighbors of that mobile station.

e There are four queues of different priorities at each MS. The packet arrival rate of each
queue is the same. The mean aggregated packet arrival rate A is the sum of the arrival

rates of the four queues.

In our simulation experiments, each node has the same maximum transmission power,
which is set to 10 mw. The data channel capacity is set to 54 Mbps for both DPMA and
CSMA/CA. We assume data packets have fixed length of 2K Bytes. The parameter

settings are shown in Table 4.1.
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SIMULATION PARAMETERS

Parameter Nominal Value
Simulation area 30 *30-unit grid
Maximum data transmission power 10 mW
Maximum data transmission range 10-unit grid
Number of nodes 90 /180
Data packet size 2K bytes
Packet arrival rate (1) 10, 50, 100, ... packet/sec
Channel bandwidth(Data/Control) 54Mbps/1Mbps
Minimum SNR 4
A unit slot time 1 us

Table 4.1 Simulation parameters setting

4.1.2 Performance Metric

The major performance metrics we used in our simulation are as follows:
1) Average system throughput: average number of successfully received data packets per

node per time unit.

Total # of data packets received successfully

A tem th hput =
verage system througnpu Total simulation time * Total # of nodes

2) Average data packet delay: average end-to-end delay of data packets successfully sent

from senders to receivers.
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Total delay for all successfully received data packets

A =
verage data packet delay Total # of data packets received successfully

3) Collision rate: portion of data packets which are collided.

Total # of collided packets
Collision rate =

Total # of packets sent

4) Blocking rate: portion of data packets which are blocked from transmission.

# of arrived packets — # of successfully received packets

Blocking rate =
# of arrived packets

5) Density (D): average number of nodes in the node maximum transmission range.

d .2
D = Total # of nodes Arid Size

. 2
transmission_range

4.2 Discussions on Simulation Results

4.2.1 Effect of Binary Competition Number (BCN)

In this section, we show through experiments how the binary competition number (BCN)
set in DPMA affects the system performance. Also, we simulate the system employing the

CSMA/CA protocol with the same parameter settings (i.e., network density, packet arrival
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rate) and obtain the results shown in the same figures (Fig. 4.1 - Fig. 4.7) as DPMA. Note
that, “ID 2-3-4” means 2 bits for the priority number part, 3 bits for the random number
part, 4 bits for the station ID part. The network density D is 10. The unit slot length is

equal to 0.1 us . We change the number of bits for each part to compare the performance.

We found that for all cases, at low traffic load (A <= 80 packets/sec), the achieved network
throughput is almost the same as the offered traffic load (Figure 4.1). As the traffic load
increases, the throughput continues to increase until reaching the maximum throughput. It
can be seen that using shorter ID length can achieve higher network throughput than using
longer ID length. The reason is that the overhead for access contention is smaller when
shorter ID length used. We also found that the collision rate for the case of shorter ID
length is higher than the case of longer ID length (Figure 4.3). It is because that, the shorter
the ID length, the higher probability of ID overlapping, which could result in more
collisions among the competing pairs in vicinity. Nevertheless, the benefit of smaller
control overhead still leads to higher throughput in spite of higher collision rate. Figure 4.2
shows that using shorter ID length results in smaller average delay. This is also due to the
fact that the overhead for access contention is smaller when shorter ID length used and
therefore packets wait for shorter time before being transmitted. Figure 4.4 shows the
results of blocking rate for DPMA with different BCNs and CSMA/CA. We can see that
the blocking rates for DPMA with different BCNs are similar, but CSMA/CA has much
higher blocking rate than DPMA in all cases. Furthermore, we can see from Figure 4.1 —
Figure 4.3 that DPMA achieves better network performance than CSMA/CA in terms of

higher throughput, lower average delay and collision rate. We will conduct comprehensive
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simulations and discuss more on the performance comparison between DPMA and

CSMA/CA protocols in section 4.2.5.

Average Throughput
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Figure 4.1 Network throughputs for CSMA/CA and DPMA with different BCNs.
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Figure 4.2 Average delays for CSMA/CA and DPMA with different BCNs.
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Collision Rate
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Figure 4.3 Collision rates for CSMA/CA and DPMA with different BCNs.
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Figure 4.4 Blocking rates for CSMA/CA and DPMA with different BCNs.
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From Figure 4.5 and Figure 4.6 we can see that there is an optimal value of ID length (i.e.
ID = 14, means ID 2-4-8) which results in the best network performance in terms of
maximum throughput and minimum average packet delay. The reason behind this fact is
that as ID length is too short, the overlapping of IDs among neighboring stations causes
too many collisions and thus the system has quite low throughput. Therefore using longer
ID length reduces collisions caused by overlapping IDs and leads to higher throughput.
However, as even longer IDs are used, the effect of large contention overhead reduces the
network throughput considerably, although the collision rate is low. Therefore, to optimize
network performance, we should choose an optimal value of ID length according to
network density and traffic load. We can also see that CSMA/CA achieves a little higher
throughput than DPMA with ID length = 7, but much lower throughput than the optimal
value that DPMA with ID length = 14 achieves. In addition, Figure 4.6 shows that the
average delay of CSMA/CA is the highest among all cases of DPMA. Figure 4.7 depicts
that for DPMA, longer ID length always leads to smaller collision rate. The reason is the

same as we discussed in the above.
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Figure 4.5 Maximum throughputs for different ID lengths.
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Collision Rate vs. ID Length
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Figure 4.7 Collision rates for different ID lengths.

4.2.2 Effect of Slot Duration

Due to different application/networking environments and technology advances, the
minimum slot duration that can be used will be different. In this experiment, we change the
slot duration to observe its effect on the maximum throughput that can be achieved. A unit
slot is a wunit of transmitter/receiver prohibition subslots, which means a
transmitter/receiver prohibition subslot consists of several unit slots. For example, in

Figure 4.8, the first transmitter prohibition subslot consists of 8 unit slots.
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Figure 4.8 Structure of transmitter/receiver subslots.

Figure 4.9 shows the simulation result. We found that the achieved maximum throughput
for DPMA decreases as the unit slot length is increased from 0.1 us to 3.0 us . The reason
is that, for longer unit slot duration, the time period of contention phase becomes longer.
Therefore, the overhead for accessing the medium is increased considerably, which results
in lower network throughput. From this figure, we also see that, for different cases of
BCN:ss, the effect of unit slot length on network throughput is the same. This fact implies
that larger control channel bandwidth will lead to better system performance. Comparing
the performance of DPMA and CSMA/CA shown in Figure 4.9, we can see that DPMA
obtains higher maximum throughput than CSMA/CA when the unit slot length is less than

around 0.5 us . As the unit slot length increases, the performance of DPMA degrades

quickly and becomes even worse than that of CSMA/CA.
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Max. Throughput vs. Unit Slot Length

—A— CSMA/CA
O T T

Throughput (packet/sec)

0 1 2 3
Unit Slot Length (us)

Figure 4.9 Experiment on the effect of unit slot length in DPMA.

4.2.3 Effect of Safe Margin

In DPMA, safe margin is used to mitigate the additive prohibiting signal strength problem.
The intended receivers send prohibiting signals according to their remaining allowed

interference, i.c.,

1

Prohibiting signal strength =
Remaining allowed interference

The competing transmitters measure the received additive prohibiting signals sent by
receivers in their vicinity and then decide that it survives in this receiver prohibiting
subslot or not. In this experiment, we change receivers’ prohibiting signal strength by

adding a safe margin factor into above equation, which becomes

1 * Safe Margin

Prohibiting signal strength =
Remaining allowed interference
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The simulation results in Figure 4.10 show the effect of using safe margin on the system
performance. We can see that, for different cases of BCNs, the system has the highest
maximum throughput when safe margin factor is equal to 2, which means double the
strength of prohibiting signals sent by receivers, the system obtains the optimized
performance. The reason behind this result is that when we enlarge the safe margin factor
to increase the prohibiting signal power level, the strength of received additive signals at
transmitters is increased. However, the threshold for transmitters to be killed in the
competition is also increased. Therefore, these two factors affect the network performance
in the opposite way and the network achieves the best performance when safe margin

factor is 2.

Max. Throughput vs. Safe Margin

FI:
2 e/6\9_\_e
2 70 | A— o A—— A
3] o—"——w— 3
©
o
= 60 |
a ——1ID 2-3-4
< 50 f------------- - —+—ID2-4-8 -
3 —s—1ID 2-5-10
= 40 : ;
|_
0 2 4 6

Safe Margin Factor

Figure 4.10 The effect of safe margin on network performance.
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4.2.4 QoS Differentiation Capability of DPMA

In this section, we demonstrate the capability of DPMA for QoS Differentiation through
simulations. Figure 4.11 depicts differentiated throughput for DPMA with four priority
classes (priority 1, 2, 3, and 4). The network density D = 10. The unit slot length is equal to
0.1 Aus . The BCN used by each mobile node is in the form of ID 2-3-4, which means 2
bits for the priority number part, 3 bits for the random number part, 4 bits for the station ID
part. The arrival rates for the four differentiated packets are the same, which is equal to
one quarter of the mean aggregated packet arrival rate 4 . The arrival rate for CSMA/CA is

also equal to 4 /4. Note that no DiffServ is implemented in the CSMA/CA protocol.
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Figure 4.11 Differentiated throughput vs. arrival rate for DPMA

From Figure 4.11, we find that the system throughput is similar for the four priorities when
the traffic load is low (i.e., 4 <100). When the traffic load becomes higher (i.e., 4 >500),
we can see that the throughput of lower priority packets of PRI 1 and PRI 2 begin to

decrease, while the throughput of the highest priority packets (i.e., Pri_4) still continue to
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increase. Therefore, it demonstrates that the four priority packets are differentiated
effectively in DPMA. The reason behind this fact is that packets with higher priority can
always beat lower priority packets during the contention process by assigning the priority

number part of BCNs in DPMA. More detailed reasons have been explained in the Section

3.2.4.
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Figure 4.12 Differentiated delay vs. arrival rate for DPMA

For further comparison, Figure 4.12 illustrates the average delay for different priority
packets. Similarly, we can see that all the four priority packets have similar average delay
as the traffic load is low (A < 50). When the traffic load gets higher (4 > 50), we find that,
as the traffic load increases, the highest priority packets remain a very small average delay
while the average delays of lower priority packets (such as PRI 1 and PRI 2) increase

quickly. Therefore, for delay-sensitive applications, such as voice and video, DPMA can
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provide relatively small end-to-end delay by assigning higher priority to the voice and

video packets.

4.2.5 Performance Comparisons for DPMA and CSMA/CA

In the following series of experiments, the performance of DPMA is compared with
CSMA/CA. We set the BCN in DPMA as ID 2-4-8, which means 2 bits for the priority
number part, 4 bits for the random number part, 8 bits for the station ID part. The unit slot
length islus . Figures 4.13 and Figure 4.14 show the average throughput of DPMA and

CSMA/CA for Density = 10 and Density = 20, respectively.
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Figure 4.13 Throughput comparison between DPMA and CSMA/CA (Density = 10).
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Figure 4.14 Throughput comparison between DPMA and CSMA/CA (Density = 20).

In Figure 4.13, we see that the system that implements CSMA/CA saturates at around A =
300 packets/sec, while the system that implements DPMA saturates at around 4 = 500
packets/sec. Also, the maximum throughput achieved by DPMA is 58.9% higher than
CSMA/CA. When we increase the network density from 10 to 20, both protocols saturate
at lower traffic load, i.e., at arrival rate of 300 packets/sec for DPMA and 200 packets/sec
for CSMA/CA. We can conclude that, in terms of network throughput, the DPMA
protocol outperforms CSMA/CA in both high and low density network environment. The
reason is that, CSMA/CA MAC protocol suffers from more serious hidden/exposed
terminal problems. Therefore, either nodes are blocked from transmission unnecessarily or
data packets are collided by hidden terminals, which results in lower throughput, especially
in high density networks. However, in DPMA, power control and collision avoidance

mechanisms are employed to enable more concurrent data transmissions with low
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collisions, even under high density network. As a result, DPMA can dynamically adapt to
the status of the medium, and maximize the utilization of the network resources, which
makes it outperform the CSMA/CA MAC protocol. This can also be demonstrated from

the simulation results of the average packet delay, the collision rate and the blocking rate

shown in Figure 4.15 — Figure 4.20.

In Figures 4.15 and Figure 4.16, the average packet delay for CSMA/CA and DPMA is

shown under Density = 10 and Density = 20, respectively.

DPMAvs. CSMA/CA - Average Delay
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Figure 4.15 Average delay comparison between DPMA and CSMA/CA (Density = 10).
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Figure 4.16 Average delay comparison between DPMA and CSMA/CA (Density = 20).

We observe that, at 4 = 30 packets/sec, the average delay for CSMA/CA increases 0.5sec
to 2.5sec when network density is double, while the average delay for DPMA only
increases from 0.2sec to 0.6sec. This is because the exposed terminal problem gets more
serious in CSMA/CA as density increases. Mobile stations are blocked from transmission
and spend longer time on waiting in the queue. However, in DPMA, by incorporating the
power control mechanism with the dual prohibition mechanism, relatively smaller number
of nodes will be interfered/prohibited by prohibiting signals or by data transmissions. That
is, DPMA greatly alleviates the exposed terminal problem. Therefore, density has little

effect on DPMA because it can dynamically adapt to the status of the medium.

In Figures 4.17 and Figure 4.18, the collision rate for CSMA/CA and DPMA is studied for

density = 10 and density =20, respectively.
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Figure 4.17 Collision rate comparison between DPMA and CSMA/CA (Density = 10).
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Figure 4.18 Collision rate comparison between DPMA and CSMA/CA (Density = 20).

From Figure 4.17 and Figure 4.18 we find that the collision rate of CSMA/CA is higher

than that of DPMA in both low and high density network. The reasons are as follows:
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First, the control messages (RTS/CTS) in CSMA/CA are collision-prone, while the busy-
tone like prohibiting signals in DPMA do not suffer from collisions. Secondly, CSMA/CA
does not take the additive interference problem into account, which causes the high
collision rate. DPMA implements the additive interference control mechanism, which

leads to much lower collision rate.

The interference caused by transmissions with properly controlled transmission power in
DPMA is much smaller than the interference caused by transmissions with fixed
transmission power in CSMA/CA. That is to say, the power control in DPMA incurs less
interference to surrounding nodes, and thus reduces the probability of packet collision.
Furthermore, with the aid of the additive interference mechanism, all nodes keep
measuring the additive interference caused by the on-going and the upcoming
transmissions. It implies that all nodes update MAP properly to avoid possible data
collisions. As a result, it greatly reduces the probability of data collisions even though the

density increases.

In Figures 4.19 and Figure 4.20, we compare the blocking rate of DPMA and CSMA/CA.
We can see that under both low and high density environments, the CSMA/CA MAC

protocol has higher blocking rate than DPMA for both light and heavy traffic load.
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Figure 4.19 Blocking rate comparison between DPMA and CSMA/CA (Density = 10).
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Figure 4.20 Blocking rate comparison between DPMA and CSMA/CA (Density = 20).
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In the following figures, i.e., Figure 4.21 — Figure 4.26, we compare CSMA/CA with
DPMA with different system parameter settings. In Figure 4.21 — Figure 4.23, we change
the unit slot length in DPMA to compare its performance with CSMA/CA. We find that
DPMA with slot length (SL) = 1us and SL = 1.5us has higher throughput and lower delay
than CSMA/CA (see Figure 4.21 and Figure 4.22). However, when SL is increased
to 2.5us , the performance of DPMA degrades considerably and is even worse than
CSMA/CA. The reason is that longer unit slot length results in larger contention overhead.
In Figure 4.23, we can see that DPMA has lower collision rate than CSMA/CA for

different unit slot lengths. Furthermore, the longer unit slot length, the lower collision rate.

DPMA with Different Unit Slot Length
vs. CSMA/CA - Throughput

120
(8]

(O]

Ly

g N1 —+— DPMA SL=1
X

g . 5 DPMA SL=15
S B0y e —a— CSMA/CA

a —%— DPMA SL=2.5
o 30 +- - - - -~

(@]

=

°

< 0

'_

0 60 120 180 240 300

Arrival Rate (packet/sec)

Figure 4.21 Throughput comparison between CSMA/CA and DPMA with different unit
slot lengths.
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Figure 4.22 Average delay comparison between CSMA/CA and DPMA with different unit
slot lengths.
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Figure 4.23 Collision rate comparison between CSMA/CA and DPMA with different unit
slot lengths.
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In Figure 4.24 — Figure 4.26, we apply different BCNs in DPMA to compare the
performance of it with CSMA/CA. We can see that for all cases of BCNs, the network
system employing DPMA obtains better performance than CSMA/CA in terms of system
throughput and average packet delay, although the collision rate of DPMA with BCN 2-2-

3 is much greater than that of CSMA/CA.

DPMA with Different BCN vs. CSMA/CA
- Throughput
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Figure 4.24 Throughput comparison between CSMA/CA and DPMA with different BCNs.
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Figure 4.25 Average delay comparison between CSMA/CA and DPMA with different

BCNs.
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Figure 4.26 Collision rate comparison between CSMA/CA and DPMA with different
BCNss.
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We conclude that DPMA outperforms CSMA/CA significantly in both low and high
density network environment if BCN and unit slot length are appropriately set. The
performance of CSMA/CA degrades fast as the traffic load and number of stations increase.
DPMA can provide much higher average throughput, smaller average packet delay and
lower collision rate compared to the legacy CSMA/CA. Furthermore, in DPMA, the spatial
utilization can be maximized and the collision rate is controlled to a very low level. As a
result, DPMA significantly improves the overall network performance as compared to

CSMA/CA, especially under heavy traffic load and large network density.

4.3 Summary

In this chapter we evaluated the performance of the DPMA protocol through a realistic
simulation model by taking the additive interference into account. Moreover, the
performance of DPMA is compared to CSMA/CA in terms of average system throughput,
end-to-end average packet delay, and collision rate. The simulation results show that the
network system achieves different performance when different ID lengths, different unit
slot lengths or different safe margins are applied in the DPMA protocol. Specifically, with
ID 2-4-8 is used, the system obtains the highest throughput and lowest average delay
compared to the cases of using ID 2-3-4 and ID 2-5-10. That is to say, in terms of ID
length, the system achieves better performance with using ID 2-4-8. The simulation results
also show that the shorter the unit slot length, the higher throughput and lower average

delay. Furthermore, the simulation results demonstrate that with properly assigned binary
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IDs, DPMA is able to provide strong differentiation capability in terms of throughput and

delay.

In addition, DPMA protocol is compared with CSMA/CA protocol. When unit slot length
= lus and using ID 2-4-8, DPMA has higher throughput, lower delay and lower collision
rate than CSMA/CA. However, when unit slot length increases to2.5us , the performance
of DPMA degrades considerably and becomes even worse than that of CSMA/CA.
Therefore, in DPMA, larger control channel bandwidth leads to better system performance.
When we change the ID length from ID 2-2-3 to ID 2-4-8 and finally ID 2-5-10, we found
that for these three cases, DPMA has higher throughput and lower average delay than

CSMA/CA. However, DPMA with ID 2-2-3 has higher collision rate than CSMA/CA.



CHAPTER 5

CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

Due to the great flexibility to support the communication of mobile users, mobile ad hoc
networks have become very popular in the research community in recent years. The MAC
protocol is used to coordinate mobile nodes to resolve contentions when accessing the
shared wireless medium. Due to the characteristics of the wireless ad hoc network --- fast
deployable, self-organizing without central control, it is a challenging task to design an
efficient MAC protocol to avoid packet collisions, increase the spatial reuse, maximize the
system throughput, and at the same time guarantee QoS. A decade ago, the CSMA/CA
scheme was standardized in the most popular IEEE 802.11 DCF, and is now commonly
used in wireless ad hoc networks. However, RTS/CTS based MAC protocols do not
eliminate the hidden terminal problems or the exposed terminal problems in the ad hoc
environment. Moreover, the collisions between RTS, CTS, and Data are unavoidable in

the shared wireless medium.
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In this thesis, a dual prohibition multiple access (DPMA) protocol is described in detail in
Chapter 3. In Chapter 4, the performance of the DPMA protocol is well studied and
compared to the CSMA/CA MAC protocol through the event-driven simulator developed

by using the C programming language.

In DPMA, to prevent the collisions of the RTS/CTS control messages, busy-tone like
signals (dual prohibiting signals) are applied for preventing data packet collisions.
Meanwhile, the DPMA protocol utilizes the dual channels for control signals and data
signals, respectively. Therefore, the collisions between control and data packets are

naturally avoided.

Due to the unique feature of the dual prohibiting signals, power control can be easily
implemented in the DPMA protocol by controlling the power level of the prohibiting
signal, declaring signal and the data packet signal during the “contention round” and the
data transmission round. By combining the power control mechanism with the core dual
prohibition mechanism in DPMA, it not only increases the spatial reuse, but also reduces
the interference to the neighboring nodes. Consequently, the network throughput can be

improved and energy is saved.

By simply setting the appropriate values for the priority number part and the random
number part in the BCN, DPMA is able to support DiffServ and maintain fairness at the

same time.
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We have conducted comprehensive simulations to study various effects on network
performance by changing the parameters of BCN, unit slot length, safe margin and
network density. We also did experiments on comparing DPMA with the CSMA/CA MAC
protocol. Simulations results show that DPMA can achieve better performance than
CSMA/CA MAC protocol when the control channel is assigned with enough bandwidth
and an optimal ID combination is selected. The reason behind the fact is that, combining
various mechanisms in DPMA (e.g., dual prohibition, dual channels, additive interference
control, and power control), leads to efficient interference control, collision avoidance and

spatial reuse.

The performance improvements of DPMA are achieved at the expense of some extra
overhead and complexity. In particular, separate control channels are required for binary
countdown competition. Hardware for such competition including sending and detection of
prohibition signals is required. The protocol also leads to some extra complexity for
handling such a mechanism. Moreover, the version of DPMA presented in this thesis
requires synchronization, which is not easy to implement. Some supporting mechanisms
for power control, interference engineering, assignment of IDs, and concurrent competition
for sender and receiver are omitted in this thesis. Finally, the performance of DPMA is not
always better than CSMA/CA, for example, when the propagation delay is relatively large,

leading to large unit slot duration.
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5.2 Future Work

Our future research work can be conducted in several directions. First, in the DPMA
protocol, only one data channel is implemented for data transmission. To further improve
the system capacity and increase bandwidth utilization, a version of DPMA that can utilize
multiple data channels can be developed. Secondly, comparison with other MAC protocols
should be conducted, especially those with more complicated and advanced mechanisms
for power control and QoS supports, and MAC protocols with separate control channels.
Thirdly, in our simulation, we use a simple free-space channel model. More realistic
models that take into account pathloss, fading and shadowing factors may be used. Finally,

cross-layer design can be incorporated into future versions of DPMA.
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APPENDIX

CONFIDENCE INTERVALS

Confidence intervals can be used to indicate the accuracy of the simulation results. Since it
is not possible to get a perfect estimate of the actual mean x from any finite number of
finite size samples, the best we can do is to get probabilistic bounds. Thus, we may be able
to get two bounds, for instance, c¢; and c,, such that there is a high probability, 1-«, that
the actual mean is in the interval (c;, ¢2):

Probability [ciSus er]=1- a (B.1)
The interval (c, ¢») is called the confidence interval for the actual mean, 100(1-¢« ) is called

the called the confidence level.

Suppose the sample [ xj, x2, ... , X, | is got from statistically independent simulation runs of

the same simulation program and the sample mean is X :

¥ =1 (B.2)

The standard deviation of the sample is s and given by:
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n

Z(xi _)_C)z
S2 :MT (B3)

For small number of samples, the sample mean is approximately z-distributed with mean

X and standard deviation %/— . The 100(1- ¢ ) confidence interval is given by
n

(¥ -l f S * iy y ) (B4)

Here, . @fonc is the (1- % )-quantile of a ¢-variate with n-1 degrees of freedom.

The following is an example. If the sample mean is X = 3.90, the standard deviation s =

0.95 and n = 15, 90% confidence interval for the mean = 3.90 + (1.761)*(0.95)/\/1_2

(3.47, 4.33). Then we can state with 90% confidence that the actual mean is between 3.47

and 4.33.



