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Abstract

As the advance of wireless communication technology, the spectrum scarcity becomes
a severe problem due to the designated frequency band for each legacy system to
avoid the interference. However, current experiments have showed that the overall
spectrum efficiency over the 0~3 GHz frequency range is less than 35%. In addition,
the temporal and geographical variations in the utilization of the assigned frequency
band range from 15% to 85%. Thus, it is necessary to develop a smart device to have
the flexibility to access in various frequency bands while not obstructing the licensed
user’s transmissions in the legacy system. Cognitive radio (CR) is designed to be
such an intelligent device, which can sense its surrounding environment, dynamically
access the idle channel(s) for a temperary data transmission and return the occupied
channel(s) to the licensed uger’s transmissions. However, to set up a temporary con-
nection without interfering the legacy system,-three essential functions are required
to be solved: (1) the spectrum, sensing over @ wide frequency range, (2) an intelli-
gent cognitive medium access eontrol (MAC) protocol, and (3) the link maintenance
mechanism to restore the CR user’s link. In this dissertation, we will inspect the
above three functions to design the MAC protocol and evaluate the performances of
the CR networks.

In the wideband spectrum sensing issue, CR devices have to recognize when
and which channel(s) the licensed users occupy and to identify the opportunity of
reusing the frequency of legacy systems. However, the wideband spectrum sensing is
a time and energy consuming processes. In this part, we aim to alleviate the burden
of spectrum scanning in a CR device by means of location awareness. We investi-
gate to what extent a CR system with location awareness capability can establish a
scanning-free region where an ad hoc connection of the CR users can coexist with
an infrastructure-based connection of the primary user. It has been shown that the

frequency band of the legacy system can be reused up to 45% by the overlaying cogni-
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tive ad hoc network if certain positioning techniques help CR users to locate primary
and other secondary users.

Then, we put our effort on the cognitive MAC protocol design, in which a CR
device can quickly establish a temporary connection without interfering the licensed
user. To establish an overlaying ad hoc network, the cognitive MAC protocol shall
not only achieve high spectrum utilization as well as the QoS satisfactory, but also
establish the link in a short time without introducing interference to primary users.
To this end, we propose four enhanced mechanisms for the CSMA /CA MAC protocol:
(1) a neighbor list establishment mechanism for recognizing spectrum usage oppor-
tunities, (2) a set of contention resolution methods to reduce collisions as well as the
access delay and its variance, (3) an invited reservation procedure for meeting the
delay requirements of real-time traffic, and (4) a distributed frame synchronization
mechanism to coordinate transmission without central controllers. Compared to the
legacy IEEE 802.11 WLANs the enthanced CSMA /CA MAC protocol can improve the
system throughput by 50% through analysis and NS-2 simulations, while keeping the
dropping rate lower than 2% for - delay=sensitive traffic. Furthermore, the standard
deviation of the access delay is reduced by five times.

Next, we study three link maintenance mechanisms for CR devices when the
licensed user returns to the occupied channel(s): (1) non-spectrum handoff method,
(2) the pre-determined channel list spectrum handoff and (3) the spectrum handoff
with radio sensing scheme. In the non-spectrum-handoff scenario, the CR device stays
in the original channel and continues the transmission after the licensed user leaves
the channel. In the pre-determined channel list spectrum handoff, the CR device
lists the target channels before setting up the link. As for the spectrum handoff
with radio sensing scheme, the CR device senses the spectrum and then chooses
the target channel when the licensed user returns back. In this part, we study the
link maintenance probability and the effective data rate in these three mechanisms.

Our numerical results are shown that the erroneous channel selection probability, the
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radio sensing time and the number of handoff trials are the three important system
parameters for the two spectrum handoff schemes. We also provide the design guide
of the system parameters for the given effective data rate and the link maintenance
probability.

At last, we develop a physical(PHY)/MAC cross-layer analytical model to in-
vestigate the performances of the single and multiple channels CSMA /CA MAC pro-
tocols in a lossy wireless environment. From the physical layer perspective, the devel-
oped model incorporates the effects of capture and directional antennas, while from
the MAC layer perspective, our approach takes into account of the contentions in sin-
gle and multi-channel environments and the effect of the binary exponential backoff
process. The proposed cross-layer analytical model not only provides insights into
the physical layer impacts on the throughput of the CSMA/CA MAC protocol, but
also indicates to how directional antennag can improve the CSMA /CA based system
in terms of antenna beamwidth and-the number of radio transceivers.

In summery, we have-explored the three important issues for CR devices in this
dissertation: (1) the wideband spectrumsensing, (2) the cognitive MAC protocol and
(3) the link maintenance mechanism. Finally, we develop a PHY/MAC cross-layer
analytical model to investigate the performances of the single and multiple channels

CSMA /CA MAC protocols.
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Chapter 1
Introduction

Like the last word that William Wallace cried out before he was finally beheaded
at the last scene in the film, Breaveheart, which won the 68th Academy Award
for the Best Picture, “freedom” is always the life style that the human being seeks
for since a long time ago. In recent years, the communication techniques gradually
step into the wireless era from the wired age so that the dream that people can
freely connect with each other anywhere anytime has finally comes true. However, as
the rapid advance of wireless technologies, current wireless communication systems
encounter the spectrum scarcitysptoblem because each system is designated at a
fixed non-overlapped frequeney. speetruni. to-avoid interferences. This constraint lets
the communication device-have no flexibility 6n the spectrum usage and results in
large variations of frequency utilization as the'fast growing demand on bandwidth [1].
Recent research results have'shown that this stationary frequency allocation is lack of
the efficiency on the spectrum usage and also induces large variation of the spectrum
utilization [2,3]. In addition, the allocation specified by the government authority
usually differs from countries. This stationary spectrum regulation further forbids
people using mobile devices in worldwide regions and confines the communication
between people. To this end, cognitive radio (CR) is considered as a promise to
release the spectrum regulation and improve the spectrum utilization. CR device is
proposed to reuse the frequencies of the existing legacy system for other unlicensed
users [4-7]. The device looks for the available idle channel(s) over a wide frequency
range to dynamically set up a temporary connection without interfering to the other
on-going transmissions in the legacy systems. By this way, people no longer have to
find appropriate devices to connect with others when traveling around the world and

finally come to the dream of communicating at any place and any time.



To achieve the objective of reusing the spectrum of legacy systems and dynam-
ically establishing a temporary connection, there are three fundamental techniques
required to be solved: (1) wideband spectrum sensing, (2) cognitive medium access
control (MAC) protocol and (3) link maintenance mechanism to restore the CR user’s

link [7-9].

e Wideband spectrum sensing: provides the spectrum usage of the legacy systems
over a huge frequency range to the CR device. To avoid causing the interference,
the unlicensed user! has to recognize when and which channel? the primary user
will use. It also needs to know how long the primary user’s transmission will
last in the channel. With these information, the secondary user is capable of
accessing the idle channel(s) to temporarily establish connections and stopping

them before the primary user appears on the occupied spectrum.

e Cognitive MAC protgeols enables the CR device to establish connections with
others. To transmit data over the license and license-exempted frequencies, the
secondary user first réquires tordetermine which channel(s) it will use. Secondly,
because the secondary user is only-allowed to access the channel in the spare
time of the primary user’s transmission, the cognitive MAC protocol must set
up a connection in the short period of time. Then, the MAC protocol shall
dynamically suspend the CR user’s connection for the primary user to access
the channel(s). At last, like the traditional MAC protocols, the device must
efficiently utilize the selected channel to transmit data as well as satisfy the
quality-of-service (QoS) requirement for the real-time traffic. Furthermore, in

some situations, the secondary user may stay in the network without any central

! In this dissertation, the primary user and the licensed user are exchangeable since it has the
highest priority to use the specific spectrum. In addition, the unlicensed user is referred to the

secondary user because it only has the lowest authority to access the spectrum.
2 Hereafter, the channel specifies the center frequency and the bandwidth that a communication

device requires for data transmission.



controller. The cognitive MAC must be somehow in a distributed manner so
that the CR device can transmit data individually without causing unnecessary

collisions.

e Link maintenance mechanism: preserves the established connections of sec-
ondary users even if the primary user proceeds its transmission in the occupied
channel. The secondary user first detects if the primary user is bound to send
data. Then, the user may either stay on the original channel or change to an-
other new channel(s)? to continue its transmissions. Obviously, with these two
options, the secondary user has to determine which method is best for itself.
After that, the user has to perform a set of handshaking procedure with its
destination to inform which channel and when it will continue the transmis-
sion. In the end, a novel mechanism for data protection shall be developed
to concatenate and restore the data transmitted in different periods of time or

channels.

1.1 Problem and Solution

In this dissertation, we provide some alternative solutions to the three corresponding
issues from different standing points. Also, we develop analytical models to investigate
the performances of the CR network on the system capacity, effective user’s data rate

and access delay. At last, we give a design guide of system parameters for CR devices.

1.1.1 Location-aware Concurrent Transmission

In traditional way, the spectrum sensing over a wide frequency range involves the
sophisticated time and energy-consuming signal processing [10]. Instead of developing

another efficient spectrum sensing technique, in this part, we discuss a challenging but

3 The change of secondary user’s transmissions on another channel(s) is also called “spectrum

handoff”.



fundamental issue — Can CR devices effectively identify the available spectrum holes
without wideband spectrum sensing? Intuitively, when the secondary CR users are far
away from the primary user of the legacy system, both CR and the primary users can
concurrently transmit their data without causing interference. If a CR device knows
the region where it can concurrently transmit with the primary user, the user does
not need to rely on the time- and energy-consuming wide-band spectrum scanning to
detect the spectrum holes. In addition, it is clear that concurrent transmission can
enhance the overall throughput. In this sense, identifying concurrent transmission
opportunity shall be given a higher priority over spectrum sensing for a CR user.
The next important issue is how to identify the concurrent transmission region
where CR users will not cause any interference to the legacy wireless systems. In
this part, we propose to utilize the location awareness techniques to help CR users to
identify the concurrent transmission oppértunity. Our specific goal is to dimension
the concurrent transmission region where:CR devices can establish an overlaying ad
hoc network on top of an infrastructure-based legacy system. The overlaying ad
hoc network can be considered:antimportant application for CR devices because it
can reuse the underutilized spectrum and significantly improve the efficiency of the
frequency band. It is assumed that the location information of other nodes can be
obtained from the upper layer, like the method in [11]. We will also investigate the
throughput improvement resulting from concurrent transmissions based on the carrier

sense multiple access with collision avoidance (CSMA/CA) MAC protocol.

1.1.2 Neighbor-aware Cognitive MAC Protocol

In the second part of this dissertation, we propose an enhanced CSMA /CA cognitive
MAC protocol. The CSMA/CA MAC is a well known MAC protocol for resolving
contentions in many existing wireless networks, such as the IEEE 802.11 wireless
local area network (WLAN) [12]. Since the CSMA/CA MAC protocol requests a

station to sense the channel usage before transmissions, this kind of MAC protocol



has potential and is natural to become a strong candidate for the overlaying cognitive
ad hoc networks. Thus, we are motivated to ask two fundamental questions: Can
the CSMA /CA MAC protocol be directly adopted for the overlaying ad hoc networks
without changes? If not, how should the CSMA/CA MAC protocol be modified to
become an appropriate cognitive MAC protocol for the overlaying ad hoc networks
in the presence of primary users?

To this end, we propose a MAC protocol with QoS provisioning for overlaying
single-hop ad hoc networks on the legacy system, which is assumed to adopt the time-
division multiple access (TDMA) MAC protocol for packet transmissions to guarantee
QoS requirements, like GSM and WiMax. The proposed MAC protocol coincides with
the four stages of the cognition cycle, as shown in Fig. 1.1 [7,8,13]. Corresponding to
the cognition cycle, the neighbor list establishment mechanism maps to the observe
stage, which can help a secondary user 6, recognize the spectrum usage around its
neighborhood. In the plan-stage, the improved contention resolution mechanism can
enhance the overall performance in terms of throughput, access delay and fairness. In
the decide stage, the newly propesediteservation scheme ensures the established ad
hoc link with satisfactory QoS requirements. The distributed frame synchronization
mechanism then coordinates the transmissions among stations in the act stage. With
the helps of these QoS enhanced techniques, an ad hoc network based on the proposed
improved CSMA /CA MAC protocol can coexist with a legacy TDMA system.

1.1.3 Spectrum Handoff for Link Maintenance

After establishing an unharmful connection, the secondary user requires to dynami-
cally suspend and resume its transmission when the primary user returns. Intuitively,
the secondary user can either stay in the original channel or handover to another one
to continue its data transmission. To stay in the original channel, the user has to stop
sending data to wait until the primary user completes its connection. On the other

hand, to handover to another channel(s), the device may need to determine whether
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it should prepare the list of target channels before its link is established or it only
senses and selects a target channel when the primary user appears. The transmission
time in the former case is subject to the erroneous channel selection, which leads
the user to continuously change channels for the transmission. Similarly, the later
scheme also wastes time on the spectrum sensing to determine the target channel.
Therefore, for secondary user, neither staying in the original channel nor changing to
another one to continue the transmission requires an extra period of time and lowers
the effective data rate. Thus, a fundamental question for the link maintenance to
the secondary use is raised: whether a secondary user should stay or change chan-
nel to proceed its data transmission when the primary user appears in the occupied
spectrum? Furthermore, if the spectrum handoff is necessary, then which scheme is
appropriate for secondary users?

To answer this question,sWwe are meotivated to develop an analytical model to
investigate the performances of these-three transmission scenarios. Specifically, we
investigate the link maintenance probability that the secondary user can thoroughly
transmit a packet within a given @mmber of handoff trials. Furthermore, the effec-
tive data rate that considers‘the.impact of the primary user’s transmission is also
examined. With the developed model, we can determine the upper limits of the error
probability for channel selection and the radio sensing time as well as the number of

handoff trials for a given link maintenance probability and effective data rate.

1.1.4 Cross-layer Analysis for Single and Multiple Channels
CSMA/CA MAC Protocol

As discussed before, since the CSMA /CA MAC protocol is a strong candidate for the
cognitive MAC protocol, it is necessary to investigate the performance of this MAC
protocol. However, current collision models for the CSMA/CA MAC protocol are
both pessimistic and optimistic. From the pessimistic standpoint, frame transmissions

in the wireless channel may fail due to signal outage even having only one user. From



the optimistic standpoint, although multiple frames are simultaneously transmitted
from many different users, one of the transmitted frames may be successfully received
if the signal-to-interference noise ratio (SINR) requirement can be satisfied. According
to the so-called capture effect, a MAC protocol can be designed to allow multiple
simultaneous transmissions to enhance throughput. Hence, it is of importance to
investigate the performance of the CSMA/CA MAC protocol from a physical/ MAC
(PHY/MAC) cross-layer perspective.

In this part, we first develop such a cross-layer analytical model, taking into
account of the effects of a practical directional antenna pattern, capture, log-normal
shadowing, multipath Rayleigh fading and the number of radio transceivers, to accu-
rately evaluate the throughput of the CSMA/CA MAC protocol. Here, we provide
the complete derivation of the PHY/MAC cross-layer analytical model and the more
detailed simulation results. Furthermorej,we discuss the impacts of SINR require-
ment, shadowing parameters, diréctional antenna gain patterns and the number of
radio transceivers for both-the uplink‘and downlink transmissions.

In addition, CR deviees caniaccessiin various channels at the same time once
the channels are available for'segondary-tisers. Thus, we then extend the previously
developed model to explore the performances of the random access among multiple
channels. With additional channels, the transmission of CR devices can be allocated
in either the time or frequency domain. Here, we assume that both the connection-
oriented and contention-based MAC protocols, like the IEEE 802.16 WiMax OFDMA
system, are adopted for allocating radio resources. The purpose for the connection-
oriented MAC protocol is to allow users to transmit data in a reserved chunk of
time slots and sub-channels. However, before transmitting data, stations must send
requests for the access permission from the base station. The access permissions are
granted based on a certain contention procedure in a reserved chunk of time slots
and sub-channels. Intuitively, increasing the reserved resources for contention can

shorten the access latency since there are fewer collisions, but it also decreases the



overall spectrum efficiency. Therefore, determining how long and how many sub-
channels an OFDMA system should reserve for the contention-based random access
scheme is an important issue.

The last part of this dissertation presents an analytical approach to determine
the optimal number of reserved sub-channels and time slots for the random access
scheme in the the mixed connection-oriented and contention-based OFDMA system.
We formulate an optimization problem to maximize the efficiency of the reserved radio
resources while meeting the delay requirement for supporting real-time applications.
It is noteworthy that the multi-channel random access scheme can allow multiple users
to access the sub-channels concurrently. The performance must be much different
than the conventional single channel CSMA/CA MAC due to the reduced collisions.
Based on the proposed approach, performance enhancement can be achieved without

changing the specifications of the current/ ©FDMA system.

1.2 Dissertation Outline

This dissertation is partitioned:into four parts. First, we examine whether a CR
device can coexist with the legacy system in an overlapped area. The region that
a secondary user can establish concurrent connection with the primary user is also
evaluated. Next, we discuss the possibility if the well-known CSMA/CA MAC pro-
tocol with a few modifications is appropriate as a cognitive MAC protocol for CR
devices. An enhanced CSMA/CA MAC protocol with QoS provisioning is designed
to establish an ad hoc link in the presence of the legacy system without any coor-
dinator. Then, a fundamental issue of the spectrum handoff is studied to explore
the link maintenance probability and the effective data rate of the secondary user’s
transmission. The system parameter values involving the spectrum handoff for the
CR device is suggested based on the developed analytical model. At last, a cross-layer

analysis jointly taking the frame capture and outage impacts of the physical (PHY)
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layer into the contention resolution mechanism of the MAC layer is developed. The
model is further extended to the multi-channel random access scheme, which is more
realistic for the CR network.

The remaining chapters of this dissertation are organized as follows. In Chap-
ter 2, we first give a literature survey of the state-of-the-art techniques in the field
of the three essential functions for CR devices: (1) wideband spectrum sensing, (2)
cognitive MAC protocol and (3) link maintenance mechanism. Chapter 3 studies
the probability and dimensions the region where a secondary user can concurrently
establish connection with other primary users. Next, Chapter 4 demonstrates an en-
hanced CSMA /CA MAC protocol with QoS provisioning as a cognitive MAC for CR
devices. After that, in Chapter 5, the performance of the three transmission scenar-
ios for lasting the secondary user’s link is investigated, and the system parameters
for the two spectrum handoff schemes are;also designed. Next, Chapter 6 provides
a cross-layer analytical model to dceurately evaluate the throughput performance of
the single channel CSMA /CA MAC protocol. Before the conclusion, in Chapter 7, an
extended analytical modelfor the mmultizchannel CSMA/CA MAC protocol is devel-
oped based on the concept in"Chapter 6:" Finally, the concluding remarks and some

suggestions for future research topics are given in Chapter 8.
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Chapter 2
Literature Survey and System Model

In this chapter, we first give the literature survey of the state-of-the-art tech-
niques for the three enabling functions of the CR devices: (1) wideband spectrum
sensing, (2) cognitive MAC protocol, and (3) spectrum handoff for link maintenance.
We also review some analytical models for the performance evaluation of the single
and multiple channels CSMA/CA MAC protocol. The CSMA/CA MAC protocol
can be considered a strong candidate for the MAC protocol in CR devices due to the
capability of avoiding interference to the primary users. At last, we will provide the

generic system model and the netwétkiarchitecture considered in this dissertation.

2.1 Literature:Survey

2.1.1 Wideband spectrum sensing

The spectrum sensing is the essential function for CR devices since it enables the
CR devices to adapt the transmissions according to the surrounding environment
by detecting the spectrum holds. The difficult parts of spectrum sensing are that
it has to deal with signals in a multi-giga hertz frequency range and more 20 ~ 40
dB sensitivity than the conventional receivers [14,15]. Furthermore, the secondary
user has no direct measurement of the channel between the primary receiver and
itself [2,7,9]. In general, the current techniques for the spectrum sensing can be
classified into three categories based on the measurement target: (1) transmitter

detection, (2) network detection and (3) interference-based detection.

e Transmitter detection: measures the signal power over the channels to en-

able the CR devices to acquire the spectrum usage of the primary users in its
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surrounding environment. Since only the primary transmitter dissipates elec-
tromagnetic wave, the secondary user using this method has no knowledge of
its induced interference to the primary receiver. According to its detecting
process, the transmitter detection can be further divided into three types as

follows [2,9,14,15].

— Energy detection - scans and measures the energy appeared on every chan-
nel. This method is the optimal detector if the device has no information
about the primary user’s signal in the AWGN channel [9]. However, it
is subject to the changing noise level and wireless channel impacts, e.g.,
shadowing and multipath fading effects [9,14]. To expedite the scanning
process over a wide frequency rang, the multi-resolution spectrum sensing
technique using wavelet, transform is proposed to detect the signal in the

spectrum with various frequency resolution [16-18].

— Waveform detection - applies- a matched filter to maximize the received
signal-to-noise tatio(SNR) [19]. However, it requires the CR device to

have a priori knowledge of the transmitted signal of the primary user.

— Statistic detection - utilizes the cyclostationary featured detector to ex-
amine the periodicity of the signals in the channel [2,20-23]. Unlike the
power spectral density (PSD) in the energy detection method, the statistic
scheme uses the spectral correlation function (SCF) to preserve and dif-
ferentiate the phase and frequency information from signals. However, it
requires sophisticated computation and long observation time to perform

the spectral correlation [9].

e Network/cooperative detection: gathers the information of primary users
from other CR devices to avoid the hidden node problem [3,24-29]. As shown
in Fig. 2.1, the hidden node problem reveal that the CR device using the trans-

mitter detection method may be incapable of detecting signals from the primary
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transmitter due to the path loss of long propagation or the shadowing of ob-
stacles [2,9,14]. The network/cooperative detection is proposed that secondary
users report the observed channel status and spread this information to other
users in a distributed or centralized manner. The cooperation with other users
can effectively lower the detection uncertainty by double checking the obser-
vations from other users. Intuitively, the more the users in the network, the
less the detection uncertainty. However, because this mechanism involves the
message exchange among users, the additional handshaking and traffic overhead
are required to be studied [30]. Furthermore, the security issue that secondary
users may emulate the primary user to occupy the channel is still needed to be

investigated [31].

e Interference-based detection: accounts for the cumulative energy at the
primary receiver [32-35]: A new model, referred as interference temperature, is
introduced to show the increased imterference power level to the primary user
as a noise floor. As the interfering signals appears, the equivalent interference
floor increases to indicate the peaks above the original noise floor. With the
maximum tolerable interference limit, the secondary user can precisely evaluate
whether its transmission causes the interference to the primary receiver. How-
ever, this mechanism requires the location of the primary user, which has to

cooperate with other layers, for the interference calculation.

2.1.2 Cognitive MAC protocol

After sensing a wide frequency range, the CR device performs the cognitive MAC
protocol to send data to its destination in the unoccupied channel(s). To establish
a temporary connection in the presence of legacy system, the cognitive MAC proto-
col has to proceed the following three steps after the spectrum sensing. First, the
secondary user requires to build up the spectrum usage model of the primary users.

Then, select appropriate channel(s) for the data transmission. Finally, it executes the
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predefined handshaking procedure with and sends packets to its destination.

e Spectrum usage model: characterizes when and how long the primary user
uses the spectrum [36-41]. This step helps the secondary user to select the
channel(s), in which the user can reside long enough for its data transmissions.
Obviously, the more accurate the model the less times the primary user appears
during the secondary user’s transmissions. However, it is a challenging issue
because the model not only describes the primary user’s behavior but also has

to take the wireless channel effects into account.

e Channel allocation: is the policy for secondary users to determine when
and which channel(s) it can send data to the destination. The key issue for
the spectrum allocation is the multi-dimension resource allocation, such as fre-
quency, time and spreading codes.  Various techniques have been developed to
optimize the performances of spectrum utilization, system throughput and fair-
ness among users. The strategies based-on the game and graph theories are
proposed in [42-45] and [46;47],itespectively. Another methods using the sta-
tistical model are developed.to determine the channel for the secondary user’s
transmission [48-51]. The others gather the information of the global network

topology to select the channel [11,52-54].

e Spectrum access: is responsible of resolving the contentions among multiple
secondary users in the presence of the legacy system [55-62]. Different from the
legacy MAC protocol, the connections of the CR device in the channel must
be established in a short period of time because of the limited available trans-
mission time in the channel. The challenging issue is how to reduce the access
latency while achieving high channel utilization as well as the QoS satisfactory.
Furthermore, the fairness issue from the aspect of access latency is another

distinct viewpoint from the conventional MAC protocol design.
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2.1.3 Spectrum handoff

The last but the most unique issue for the CR device is the “spectrum mobility”,
which gives rise to a new kind of handoff between the idle channels [6,9]. The need
of this technique arises when the primary user appears or the occupied channel con-
dition become worse. In these situations, the secondary user has to suspend its data
transmission and to evacuate the occupied channel when the primary user returns.
The CR device may resume its transmission in the original channel after the end of
the primary user’s transmission. On the other hand, it can also change to another
channel to continue the transmission. Apparently, the probability that the secondary
user’s link can be maintained and the average transmission time are the two impor-
tant performance metrics for the spectrum handoff. In the literature, most of research
works focus on the physical layeriimpacts without regarding the procedures in the
MAC layer. In [63,64], the authorsidiscuss the impacts of the number of the redun-
dant channels on the linkmaintenance’probability. As for the issue of the average
transmission time, the authors,in“65,66] consider the goodput performance of the
secondary user’s transmission for the spectrim-exchanged OFDMA system. At last,
the preliminary MAC protocol for the spectrum handoff is designed and implemented

in [67,68]without the performance analysis and system parameters design.

2.1.4 Performance analysis of CSMA/CA MAC protocol

In the following, we discuss the performance analysis of the CSMA/CA MAC proto-
col, in which the carrier sensing prior to any data transmission can satisfy the degree
of the primary user avoidance. The analytical models for evaluating throughput of the
CSMA/CA MAC protocol have been proposed in [69-79]. Under an error-free chan-
nel, the saturation throughput performance, delay and frame dropping probability of
the CSMA /CA MAC protocol including the backoff process and finite retransmission

limit were analyzed in [69-72]; whereas the performance in non-saturated condition
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was inspected in [73,74]. The effect of backoff freezing, i.e., a station freezing its
backoff counter when the channel turns to busy, was considered in [75]. In [76,77,80],
the throughput and delay performance of the CSMA/CA MAC protocol were in-
vestigated in the presence of Rayleigh fading, shadowing and finite retransmission
limit, but the impact of frame capture on the backoff process was not considered.
The authors of [81] considered the cross-layer interaction between the physical and
MAC layers on the per-user throughput performance in multi-hop ad hoc networks.
Recently, the impacts of various incoming traffic load, packet size, data transmission
rate in imperfect channels were studied in [78,79]. However, the evaluation method of
the physical layer effects of frame outage and capture probabilities was not explicitly
expressed in [78,79,81]. Furthermore, the impact of the directional antenna with a
more practical gain pattern on the throughput of the CSMA/CA MAC protocol is
not considered in [69-71, 73-79]:

Next, we discuss the pérformance analysis of multi-channel MAC protocol. Until
now, the IEEE 802.16 WiMax system- is the most well-know system allowing multiple
mobile users to transmit data in different channel at the same time. Some analyti-
cal techniques have been reported to investigate the MAC performance of the IEEE
802.16e WiMax system. The throughput of the connection-oriented MAC protocol
of the IEEE 802.16e WiMax system was investigated by considering the overhead of
the control channels [82,83]. In addition, the frame access delay in the contention
and polling process of the IEEE 802.16e networks have been studied in [84,85]. Nev-
ertheless, in [84,85], it was assumed that the slotted ALOHA is used to resolve the
contentions in the channel access. To our knowledge, the access latency analysis of
a joint contention- and connection-oriented multi-channel access scheme combined
with the binary backoff algorithm used in the IEEE 802.16e WiMax system is an

open issue.
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2.2 System Model

In this section, we define the generic system model discussed in this dissertation.
Figure 2.2 illustrates a hybrid ad hoc/infrastructure-based network consisting of two
CR devices (MS; and MS,) and a primary user MS3. Assume that the secondary
CR users MS; and MS, try to make a peer-to-peer connection, and the primary user
MS3 has been connected to the base station (BS) or access point (AP) of the legacy
infrastructure-based system. In the figure, MS;, MSy; and MS; are located at (rq, 6;),
(r2,05) and (r3, 03), respectively; the coverage area of the base station is 7 R%. All the
primary and secondary users stay fixed or hardly move.

We assume the CR devices can perform the positioning technique to acquire
their relative or absolute position by using GPS or detecting the signal strength
from the BSs of legacy systems[86-91]."The location information is broadcasted by
using the geographical routing protocols [92-94]. Although both the positioning and
geographical routing may waste time ‘and consume the energy, they have no need to
be processed for every data transmission. They are only performed when a new node
joins or the node changes its position..Furthermore, with the help of upper layer,
the location information is already stored in the device. Therefore, compared to the
spectrum sensing at every transmission, we believe the additional energy consumption
and memory space due to the positioning and location update is relatively small. The
overhead and optimal reserved resources for acquiring the location information are
beyond the scope of this paper and have been studied in some research works [95,96].

Based on the CSMA/CA MAC protocol, multiple users contend the channel,
and only one mobile station within the coverage of the base station can establish an
infrastructure-based communication link at any instant. To set up an extra peer-
to-peer ad hoc connection in the same frequency band of the primary user, two
secondary CR users have to ensure that the current infrastructure-based link quality

cannot be degraded. Here, we consider that both primary and secondary users have
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Fig. 2.2: An illustrative example for the coexistence of two CR devices establishing an over-
laying cognitive ad hoc link and a primary user connecting to the infrastructure-

based network, where all the devices (MSq, MSs, and MS3) use the same spectrum

simultaneously.
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identical transmit power. It is reasonable to assume only one secondary user can be
established a link after the contention at one instance due to the similar interference
range. Denote SIR; and SIR, as the received signal-to-interference ratios (SIRs)
of the infrastructure-based and ad hoc links, respectively. Then we can define the
coexistence (or concurrent transmission) probability (Por) of the infrastructure-based

link and CR-based ad hoc link in an overlapped area as follows:
PCT:P{(S[Rl >zl)ﬂ(SIRa >Za)}, (21)

where z; and z, are the required SIR thresholds for the infrastructure-based and ad
hoc links, respectively. To obtain the concurrent transmission region, it is crucial to
calculate the coexistence probability of both the infrastructure and ad hoc links. If
the link quality of the primary user cannot be guaranteed, CR devices have to sense
and change to other frequencyibands.

We consider the following propagation model [97]:

i * Pthgsh?nsGbsGms 101%

/ert

P, , (2.2)

where P, and P, are the received and transmitted power levels at a mobile station,
respectively; hys and h,,s represent the antenna heights of the base station and the
mobile station, respectively; Gys and G,,s stand for the antenna gains of the base
station and the mobile station, respectively; r is the distance between the transmit-
ter and receiver; « is the path loss exponent; 107 is the log-normally distributed

shadowing component.
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Chapter 3

Location-aware Cognitive Spectrum
Identification with Concurrent
Transmission

Our main contribution of this chapter is to provide the idea of utilizing loca-
tion awareness to facilitate frequency sharing in a concurrent transmission manner.

Specific achievements are summarized in the following.

e We show that a CR device having location information of other nodes can con-
currently transmit a peer-to-peer data in the presence of an infrastructure-based
connection in some region. We alsodimension the concurrent transmission (or
the scanning-free) region for C'R users. - Note that a concurrent transmission
region of a CR system is equivalent to a scanning-free region. Nevertheless,
the wide-band spectrum sensing procedure is still needed but is initiated only
when the CR user is outside theconcurrent transmission region. Therefore, the
energy consumption of CR systems with location awareness capability can be

reduced significantly.

e Based on the CSMA /CA MAC protocol, a physical/MAC cross-layer analytical
model is developed to compute the coexistence probability of a peer-to-peer con-
nection and an infrastructure-based connection. Based on this analytical model,
we find that concurrent transmission of the secondary CR users and the primary
users in the legacy system can significantly enhance the total throughput over

the pure legacy system.
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3.1 Motivation

In the literature, the coexistence issue of the hybrid infrastructure-based and overlay-
ing ad hoc networks has been addressed but in different scenarios. In [98-101], the
idea of combining ad hoc link and infrastructure-based link was proposed mainly to
extend the coverage area of the infrastructure-based network. That is, the coverage
area of ad hoc networks is not overlapped with that of the infrastructure-based net-
work. In the present hybrid ad hoc/infrastructure-based network, as shown in Fig.
2.2, the peer-to-peer CR users are located within the coverage area of the existing
legacy wireless network. In [102], to further improve the throughput of a wireless local
area network (WLAN), it was suggested that an access point (AP) could dynamically
switch between the infrastructure mode and the ad hoc mode. In our considered
scenario, the decision of estahlishing ad hoc connections is made by the CR users in

a distributed manner.

3.2 Signal-to-Interference Ratio Analysis

3.2.1 Uplink SIR Analysis

In the wuplink case when the primary user MS3 transmits data to the base station,
denote ST Rz(“) as the uplink SIR of MS3; and let P3y and Pig be the received power

from MS3 and MS; at the base station, respectively. Then from (2.2), we have

T_l)a . Py

SIR" = =2
! (7"3 P

(3.1)

where r; and r3 are the distances between MS; and MS3 to the base station, respec-
tively. Similarly, the SIR of a peer-to-peer ad hoc link from MS; to MS, can be

written as

Pry
SIR, = — =
Py (

d23

d—lz)o‘ , (3.2)
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where Pj, is the received power at MSsy from MS; and Ps, is the interference power
from MS3; dio and dog are the distances from MS; and MS3 to MS,, respectively.
Substituting (3.1) and (3.2) into (2.1), the concurrent transmission probability Pé“T)
in the uplink case can be written as

dys . o RS

u 1/
PéT) :P{(TSZZ-/ <r < R)ﬂ(d12 < Zal/a)} = R

(3.3)

Note that R(C"% denotes the concurrent transmission region where MS; can connect
to MS, without interfering the uplink signal of MS3 to the base station. As shown in

/e < r1 < R) leads to a donut-shaped area consisting of

Fig. 3.1, the condition (rsz,
two circles centered at the base station with the radii of rgzil /* and R, respectively.
Meanwhile, the condition (di2 < da3/ 2 “) yields the circular area centering at MS,

with a radius of dy3/ 24/* . From the figure, the region R(éf% can be computed as

d23

R(clf% 3 F(zl/o‘)2 = A — Ay, (3.4)
where
Ave (‘%)Z(w — 0y — R?0 +2A (3.5)
and
d a / /
Ay = (720 — (rs2")¢ — 2 (3.6)
Za

The definitions of parameters 6, ¢, ¢, ¢/, A, and A’ and the detailed derivation of
(3.4), (3.5) and (3.6) are discussed in Appendix A.1.

3.2.2 Downlink SIR Analysis:

Now we consider the downlink case when the base station sends data to the primary
user MS;. Denote ST Rl(d) as the infrastructure link’s SIR in the downlink direction.
Then from (2.2), we have

_ T _ ( ibs 15 @)a
P13 hms T3 ’

SIRY (3.7)
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Fig. 3.1: Physical representation of the coexistence probability for the concurrent transmis-

sion of overlaying CR-based ad hoc link and infrastructure uplink transmission.
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where FPy3 and P;3 are the MS3’s received powers from the base station and MSy,
respectively; di3 stands for the distance from MS; to MSs3; hsys, hps and 73 are given
in (2.2) and (3.1). Similarly, the ad hoc link’s SIR from MS; to MS, can be expressed
as

h T2
SIR, = —= = (-2)2(==)~ | 3.8
P02 (hbs> (d12) ( )

where P and Py are the received powers at MSy from MS; and the base station,
respectively; ro represents the distance between MS, and the base station; dis, hps
and h,,s are defined in (3.2) and (2.2).

Substituting (3.7) and (3.8) into (2.1), we can obtain the concurrent transmission
probability ng of a CR-based peer-to-peer ad hoc link and an infrastructure-based

downlink transmission as follows:

) R@
Pg,i} = P{(dlg > 7’32;1/ ) N (dlg < TQZ;I/Q) N (7”1 < R)} = 7'('_% y (39)

where 2! = z;h2,/hZ, and 2= 1/zmh2p/h?, - From (3.9), the concurrent transmission
/1/0()

)

region Rgi:)p in the downlink case is shown in Fig. 3.2. The criterion (dy3 > r32

/2 while

results in the region outside the. cirele centered-at MS; with a radius of rng
the criterion (djp < 7"22(/11/ a) yields the region inside the circle centered at MSy with
radius TQz(/ll/ “. At last, m < R because MS; is assumed to be uniformly distributed
within a cell of radius R.

The coexistence probability of the CR-based ad hoc link and the infrastructure-
based downlink can be obtained by calculating the area of R(Cd:)r. The distances from

1/ 1/a

the AP to the intersections of the two circles with radii of r32} /" and ryzg’® are

denoted by r* and r~ as shown in Fig. 3.2. In Appendix A.2, we have shown that

1 2 2 2 2
o= d—{rzm[rzm(z;a +2%) + cos(0y — 03)(d2 — 120" — 1227 +
23
and
B 1 /2 /2 2 2 /2 2 /2
" - dT{rynS [7“27"3(%“ + Zia> + COS<02 - 93)(d23 —Ty2a" — 7’321'&)] -
23

sin(92 — 93)5} s (311)
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where

2 2 2
J= \/27“%22/-”‘ (5 + r2z07) — (d25 — 12207 )2 — 12 (3.12)

With the values of r* and r~, R(g% can be calculated in the following two cases:

1. max(rt,r~) < R: In this case, referring to Fig. 3.2(a), the area of Rg% can be

expressed as

Rgl% = W(dzz'z;l/ay — A1 — Ay, (3.13)

where
Ay = (122 (r — ') — R*0 + 2A ; (3.14)
Ay = (raz )0 — (raz /)¢ — 20" (3.15)

2. max(rt,r~) > R: As showntin'Fig. 3.2(b), the area of Rgl% can be expressed

as
R = m(dsz %) = Ay — Ay + A (3.16)
where
Ay =2 (r — 0') — R%0 + 2A (3.17)
Ay = (raz )2 — (r3z;1/a)2<b’ — 20 ; (3.18)

1/ 1 / (0% .
Ay = A+ [(r32]M )2, — —(7"321.1/ )% sin o] +

! 2
[(ra2l /)5 — %(7”22211/&)2 sin 3] —
[R*yy — %R2 sin ] . (3.19)

The detailed derivations of (3.13) and (3.16) and the definitions of the parameters 0,
0, ¢, ¢, Y1, o, 3, A, A, and A” are given in Appendices A.3 and A.4, respectively.
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Fig. 3.2: The area of concurrent transmission region Ror in downlink cases.
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3.2.3 Multiple Ad Hoc Connections Coexisting with One

Infrastructure Link

After evaluating the concurrent transmission probability of the infrastructure link and
the one overlaying CR-based ad hoc link, one may be interested in knowing how many
secondary users can concurrently establish ad hoc links together with the primary
user. This question is non-trivial since it needs to consider the interference from a
set of ad hoc links to the infrastructure link, and vice versa. Besides, different from
the pure infrastructure network, both the locations of the transmitter and receiver in
an ad hoc link are random.

Instead of calculating the maximum number of ad hoc links, we suggest con-
structive procedures enabling CR devices to establish ad hoc links in the presence of

an infrastructure transmission,*The detailed procedures are summarized as follows:

1. Consider a network an which=all the primary and secondary users are fixed,
and the CR device 'can learn the locations of its receiver and neighbors by
the routing mechanism [I'1}:" Here; we.assume that [ ad hoc links have been
established and coexisted ‘with the infrastructure link at the same time. Before
establishing a new ad hoc connection, the CR device has to overhear the channel

and memorizes the locations of all the existing transmitters.

2. With the location information, the new CR device starts evaluating the con-
current transmission region Rcr. The device should consider the interference
from the infrastructure link as well as other existing ad hoc links, and vice
versa. Denote the indices {p, m,n, k} as the primary user, the transmitter and
receiver of the new ad hoc link, and the transmitter of other existing ad hoc link,
respectively. Using similar procedures in deriving (3.3), the three conditions in

the infrastructure uplink case can be written by

1
G = ()

Q-

Tm 2 ( )e (3.20)



29

1
2() o))
rm <R, (3.22)

Q=

o < ( o s (3.21)

where r; and d;; are the distances between the base station and CR device j to

i, respectively. Similarly, from (3.9), the three criteria in the downlink case are

1 1
R e SR e (8.25)
1 1
BN (ESTED NEST I 520
m < R (3.25)

3. Since the concurrent transmission regions R(gf% and Rgl% are known, the CR
device can determine whether it can concurrently transmit data together with
the infrastructure link and other &d hoc connections by the primary user and

other secondary CR users.

3.3 Shadowing-Effects

In the previous section, we only consider the impact of path loss on the concurrent
transmission probability of CR-based network overlaying the infrastructure-based sys-
tem. However, even though the CR device is located inside the concurrent transmis-
sion region Ror, a peer-to-peer ad hoc connection may not be able to coexist together
with the primary user’s infrastructure link due to shadowing. Thus, it is important
to investigate the reliability of concurrent transmissions of the hybrid infrastructure
and CR-base ad hoc network when shadowing is taken into account.

Shadowing can be modeled by a log-normally distributed random variable [103].
Represent 10% as the shadowing component in the propagation path from users 7 to
J, where §&;; is a Gaussian random variable with zero mean and standard deviation of
o¢. Thus, the uplink and downlink SIRs in both the infrastructure-based connection

and CR-based ad hoc link are modified as:
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o uplink case:
€30
1076/ra
3 .
510 )
0 /1
€12

1070 /df, ‘

532 )

070 /dg;

STR™ (&30, £10) = (3.26)

SIR((;“L) (E12,&32) = (3.27)

e downlink case:
€03

10710 /rg

SIR™ (€3, 613) = ——
10 / d13

; (3.28)

STRS (€12, 602) = M (3.29)

1056 /rg
Note that the index 0 represents the base station and & of (3.27) in the uplink
case is equivalent to &3 of (3.29) in the downlink case. Let & = (&0, &30, &12, E32)
and & = (&13, &3, £12, £02) and assume that these shadowing components are identi-
cal and independently distributed. Takingrshadowing into account, the concurrent

transmission probability Pgg can be represented by

e uplink case:

12 & 2
PéT)( ) P{(T’g(z 10 )l/a << R) (dlg < dgg(zalo : )1/a)} ;

(3.30)

e downlink case:

Pé?(f') = P{(d13 > 7’3(2110513 503)1/&) (dlg < T2(2a10§12 2 )l/a)

N(ri < R)} . (3.31)

We define the reliability of uplink concurrent transmission Fg})(f ) as the prob-
ability that, in the region Reor, a CR device can successfully establish an ad hoc link
in the presence of the primary user’s uplink transmission subject to the shadowing

effect. That is,

F(&) = P{(STR™ (&0, 610) > 2) N (STR™ (13, E5) > 2)|MS) € REL} . (3.32)
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Note that Fé?(g) = 1 when shadowing is not considered. Substituting (3.26) and
(3.27) into (3.32), we can obtain

d
Fi€) = P{(§30—§10>1010g1o(zi(:—j)a))ﬂ(§12—§32>1010glo(za(d—i)a))

|MS, eRMY (3.33)

Assume that &;; have the same standard deviation for all 7 and j and let §Z-(") = &30—E&10,
¢ = €5 — €. Then, £ and € becomes a Gaussian random variable with

N(0, 20¢). Hence, it is followed that
FGNE) = PE™ > 10lomy(= (7)) MS) € B} -
PAEY > 101080 (2a(52)7)1MS1 € B
1010gp(2:(2)") . 101ogyq(za(42)°)

), (3.34)

where Q(z) = 1 [ exp™ da

Following similar procedures in-the uplink case, we can also obtain the reliability

of downlink concurrent transmission:

FS(¢) = P{(STR gy €13) > 2) AASTRD (€19, ) > 2)|M S, € RYY
10 10%10(21‘(6%)% 10 10g10(za(%)a)

). (3.35)

3.4 MAC Layer Throughput Analysis

In this section, the MAC layer throughput performance of the considered hybrid in-
frastructure and overlaying CR-based ad hoc network is evaluated from a PHY /MAC
cross-layer perspective. The main task here is to incorporate the interference from
both the infrastructure and ad hoc links into the throughput evaluation model in the
MAC layer.

In this paper, the CSMA/CA MAC protocol with the binary exponential back-
off algorithm is considered because it is widely deployed in many license-exempt fre-

quency bands. However, the CSMA /CA MAC protocol may not be used to establish
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the CR-based ad hoc link since the clear channel assessment (CCA) by measuring
the received signal strength (RSS) may forbid the transmissions in the presence of
infrastructure link. To remove this constraint, we use the location and channel station
information to replace the RSS measurement for CCA in the traditional CSMA/CA
MAC protocol. Therefore, the CR device can establish the ad hoc connection once
the new connection does not injure the existing primary infrastructure link.

Next, we first summarize the throughput calculation in the traditional CSMA /CA
MAC protocol [69,104]. Assume N stations always transmit data packets in the net-
work, and let W and 2°W be the minimum and maximum backoff window sizes,
respectively. Given the stationary transmission probability 7 that a station trans-
mits packet in a given slot and the successful transmission probability ps(V), the

throughput S(N) of the CSMA /CA MAC protocol can be expressed as

PrPs(N)E[P]
(1 - ptr)a +ptr(1 i ps(N)>Tc +ptrps(N)Tc 7

where p;,, = 1— (1 —71)V; E[P], T}, T, and ¢ aré the average payload size, the average

S(N) = (3.36)

successful transmission duration; the average collision duration, and the slot duration.
The stationary transmission probability.7 is a function of the packet loss probability

pr, that is

T(pL) = & = : (3.37)

1=0

Note that both the packet loss probability p; and the successful transmission prob-
ability ps(N) are influenced by the radio channel effect and the multiuser capture
effect in the physical layer [104].

Then, we evaluate the total throughput performance of the concurrent transmis-
sion in the hybrid infrastructure and overlaying CR-based ad hoc network. Here, we
assume Nogr CR devices and N non-CR devices using the same frequency band in the
coverage of a base station. Since the CR device can establish an ad hoc connection

without interfering the existing infrastructure link, the total throughput of such a
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hybrid network Scr is independently contributed by the two links. The throughput
of the infrastructure link and the CR-based ad hoc connection are denoted by .S; and

S, respectively. The total throughput Scr then can be expressed as
Scr = Si(N) 4+ Sy(NerPer) - (3.38)

Since N non-CR devices contend for data transmission to the base station, the
throughput of infrastructure-based link S; is the same as (3.36). However, be-
cause only NogrPeor CR devices have the opportunity to establish the connection,
the throughput of a CR-based ad hoc link S, is similar to .S;, but the number of

contending stations changes to NorPor.

3.5 Numerical Results

In this section, we first investigate thereoncutrent transmission probability of the in-
frastructure and overlaying GR-based ad hoc nietwork. Then we apply the proposed
cross-layer analytical modeél to evaluate the total throughput performance in this hy-
brid network. Figure 2.2 illustrates the considered network topology, where MS;, MS,
and MSj3 are the CR-based ad hoc transmitter, receiver and infrastructure primary
user, respectively. The stations MS; and MS; are, respectively, located at (rz, —7%)
and (3, 3), where 75 and r3 are the distances between the base station to MS, and
MS3; whereas MS; is uniformly distributed in the cell with radius R = 100 meters.
In addition, we also perform the simulation to verify the proposed analytical model
for the concurrent transmission probability Pop. In the simulation, 10* points, which
are uniformly distributed in the region wR?, represent the possible locations of the
ad hoc transmitter MS;. The probability Por is calculated by counting the number
of points where MS; can successfully establish an ad hoc link to MS, in the presence
of the infrastructure link (base station to MS;). As shown in the following figures,
the results in the analytical model agrees well with that in the simulation. The other

system parameters are listed in Table I.
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Tab. 3.1: System Parameters for Concurrent Transmission in an Overlaying Ad Hoc Cog-

nitive Radio Network

MAC/PHY header 224/192 bits
ACK/RTS/CTS 304/352/304 bits
DATA pagle 16000 bits

Bit rate’ | \ Y1 Mbps

Slot fé / © |20pus
SIFS/DIFSTIEETN 4510/50us

Min contenti =" 32

Maximum backoff stage | 5

Transmission power, P, | 20 dBm

Noise power, Ny -90 dBm
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3.5.1 Uplink Concurrent Transmission Probability

Figure 3.3 shows the impact of the primary user’s location on the uplink concurrent
transmission probability ng), where the transmission power P, = 20 dBm and noise
power Ny = —90 dBm, respectively; the required link SIR threshold is 0 dB or 3 dB.
First, one can see that the analytical results match the simulation results well. Second
and more importantly, there exists an optimal concurrent transmission probability
Péujz against the distance r3 from the primary user MS3 to the base station. Note
that for z; = 0 dB, the maximal ng[) = 0.45 at r3 = 40 meters; and for z; = 3 dB
the maximal Pé“T) = 0.22 at r3 = 26 meters. This phenomenon can be explained as
follows. On the one hand, when MS3 approaches to the base station, it is also closer
to the CR-based ad hoc receiver, thereby causing higher interference and decreasing
the concurrent transmission probabilitys On the other hand, when MS; moves away
from the base station, its uplink SIRsdecreases due to the weaker signal strength and
thus yields a lower Pg}) Hence, an optimal primary user’s location can be found in
the sense of maximizing the uplink-concurrent-transmission probability Pé“T)

Figure 3.4 shows the impact of MSs’s‘locations on the uplink concurrent trans-
mission probability P((juT) As shown in'the figure, as the CR-based ad hoc user moves
away from the base station, the concurrent transmission probability monotonically

increases from 10% to 50% because the interference from the infrastructure-based link

to the ad hoc connection decreases.

3.5.2 Downlink Concurrent Transmission Probability

Figure 3.5 shows the downlink concurrent transmission probability ng versus the
distance r3 of the primary user MSs to the base station when user MS, is located
at (50, —7%). For the SIR requirement z; = z, = 0 dB, ng = 25% is a constant in
the range of r3 < 100 meters. This is because the interference transmitted from the

base station to the ad hoc users is independent of the locations of the primary user,



36

0.45

0.4 .
=
%
o 0351 h
o
o
&
2 03r .
B2
S
2
5 0.25F .
|_
c
g o0z2r .
>
(8]
c
@]
O 0.15f .

o) zi:za:OdB(simuIation) N
0.1 — z=z_=0dB(analysis) hs .
* zi=za=3dB(simuIation) ‘N
0.051 = zi—za—SdB(anaIyS|s) “
,\’
0 | | | | | | \*-z * *
0 10 20 30 40 50 60 70 80 90 100
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the distance between the base station and the primary user MSs.
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MS3. However, a more stringent SIR requirement z; = z, = 3 dB yields a lower and
decreasing downlink concurrent transmission probability when r3 increases.

Figure 3.6 shows the impact of CR user MS,y’s locations on the downlink concur-
rent transmission probability. Similar to Fig. 3.4, ng also monotonically increases
when CR user MS; moves away from the base station. However, comparing Figs. 3.4
and 3.6, the uplink’s concurrent transmission probability is higher than that of the
downlink’s. For z; = z, = 0 dB and ry = 100 meters, Pé“T) = 49% and Péd) = 39%,
respectively. This is because in the considered scenario the interference to the ad hoc
user from the infrastructure-based uplink transmission is weaker than that from the

downlink transmission.

3.5.3 Effects of Shadowing on the Concurrent Transmission

Figures 3.7(a) and (b) illustzate the reliability of the concurrent transmissions with
various shadowing standard deviations wversus r3 and 7o, respectively. In general,
comparing o = 6 dB and g¢ = 1;dB; one can find that the larger shadowing variance
leads to a lower reliability for beth uplink and downlink concurrent transmissions.
For example, in Fig. 3.7(a), when the iprimary user’s distance to the base station
r3 in the range of 0 ~ 100 meters, Fgg is larger than 0.9 for o = 1 dB, whereas it
decreases to 0.6 ~ 0.7 for o, = 6 dB. However, when the primary user moves to the
cell edge, the reliability of uplink and downlink concurrent transmissions decreases
due to shadowing and weaker received signal strength. As shown in Fig. 3.7(a), for
o¢ = 6 dB, Fgf} and Fg}), decrease from 0.7 to 0.5 and 0.4, respectively. Since the
uplink signal strength is weaker than the downlink signal, the reliability of uplink
concurrent transmission is usually more sensitive to shadowing effects than downlink
concurrent transmission, especially when the primary user is at the cell edge. In Fig.
3.7(b), it is shown that, subject to the influence of shadowing, the reliability of uplink
and downlink concurrent transmissions increases when the receiver M S of the ad hoc

link approaches to the cell edge. For o, =1 dB, F((;UT) and F((;djz increase from 0.4 and
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0.63 to 0.89 and 0.92 as ry increases to 100 meters; for o, = 6 dB FéuT) and Fg?
also increase from 0.29 and 0.4 to 0.54 and 0.62. Clearly, the interference from the
primary user to the ad hoc user becomes weaker when ad hoc users moves away from
the base station. As a result, the reliability of concurrent transmission increases and
the shadowing effect on the reliability remains constant as ro > 30 meters for o = 1

dB and ry > 60 meters for o¢ = 6 dB.

3.5.4 Total Throughput of Cognitive Ad Hoc Networks
Overlaying Infrastructure-based System With

Concurrent Transmission

Figure 3.8 demonstrates the total throughput of the CR-based ad hoc link and the
infrastructure-based uplink tramsmissions: for various numbers of ad hoc users and
different locations of primary jusers. The total throughput is normalized to the
infrastructure-based uplink capacity. “AS shown in the figure, in the worst case at
r3 = 50 meters the total throughput-with the concurrent transmission is still 145%
higher than the pure infrastriucture-basediplink, and the total throughput reaches a
maximum of 173% at r3 = 10 meters.

Figure 3.9 shows the total throughput performance of the concurrent transmis-
sion of infrastructure-based downlink and ad hoc link. In this case, the concurrent
transmission probability is constant for various locations of primary users as shown
in Fig. 3.5. Thus the throughput is mainly affected by the number of ad hoc users.
For Nor = 50, the total throughput is 157% when 10 < r3 < 100 meters. However,
when r3 = 50 meters, the total throughput improves from 148% to 173% as N¢g is
changed from 100 to 10.
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Fig. 3.7: Impacts of shadowing on the reliability of downlink FédT) (solid line) and uplink

8

(dotted line) concurrent transmission against the locations of (a) the primary

user MS3 and (b) the ad hoc user MSy in the cases of o¢ = 1 and 6 dB, respectively.
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3.6 Conclusions

In this part, we identified a critical region Rcr in which the overlaying cognitive
ad hoc users and the primary user can concurrently transmit data without causing
interference to each other. If the location information of other nodes is available,
such a concurrent transmission region can be easily identified. There are two major
advantages of identifying the concurrent transmission opportunity. First, the overall
throughput of the concurrently transmitted data obtained by combining both the
overlaying cognitive ad hoc networks and the legacy infrastructure-based system is
much higher than that of the pure infrastructure-based system. Our numerical results
show that, in the uplink case, the concurrent transmission region subject to 1 dB and
6 dB shadowing standard deviation can be up to 45% out of the entire cell area with
about 90% and 60% reliability,wespectivelys Second, if such a concurrent transmission
opportunity can be identified first, it is'clear that the need of the time- and energy-
consuming wide-band spectrum scanning process required by most existing cognitive

radio systems can be reduced dramatically.
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Chapter 4

Neighbor-aware Cognitive Spectrum
Access with QoS Provisioning

In this chapter, we focus on the cognitive MAC protocol design, which is different
to the conventional scheme with two objectives: the avoidance of primary user’s
transmissions and short access delay. In additional to the objectives of high spectrum
utilization and QoS provisioning in traditional networks, the cognitive MAC protocol
for CR devices has to determine whether its transmission will interfere the primary
user at the current and future time period. Moreover, the CR device also demands
to access the channel only in a_short period of time because primary users have the
highest priority to access the channel: Due to the short available transmission time,
the fairness from the aspect of access délay among users is more important than the
amount of delivered bit fot thecognitive MAC protocol, which is also different from

the requirement in the legacy. MAC design.

4.1 Motivation

According to [7,8,13], the main functionality of a cognitive MAC protocol, as shown

in Fig. 1.1, can be summarized as follows:

e observe stage - to sense the surrounding environment and record the spectrum

usage of the existing legacy systems;

e plan stage - to evaluate if a temporary ad hoc link can be established without

interfering current users;

e decide stage - to determine the transmit power, frequency, the time and the

duration of the frame transmission;
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e act stage - to perform transmission with specified resources at the scheduled

time.

To achieve the aforementioned objectives, we design an enhanced CSMA/CA
MAC protocol for the spectrum access of secondary users. The CSMA/CA MAC
protocol has the preliminary function of spectrum avoidance to the primary users.
To start with, we examine the CSMA /CA MAC protocol by referring the four stages
of the cognition cycle in Fig. 1.1. First, from the viewpoint of the observe stage,
the cognitive MAC protocol is required to record the spectrum usage of primary users
and to collect the traffic characteristics, such as the delay-sensitive or non-real-time
data traffic. For the CSMA/CA MAC protocol, most recent research results, instead
of identifying the interference, focus on either sensing the carrier transmission in
the surrounding environment or ayoiding collisions [105-107]. Thus, the functions of
recording the spectrum usage and traffic characteristics are not fully considered in
the current CSMA/CA MAC protocols.

Second, in the planstage of:the cognition cycle, the cognitive MAC protocol
shall determine whether the requested frame transmission from the secondary user
will interfere the primary user’s conmection. Because the cognitive MAC protocol only
permits the secondary user to utilize the spectrum of the legacy system during the
spare time of the primary user’s transmissions, the access delay in the cognitive MAC
protocol for secondary users shall be small. The standard deviation of the access
delay in a cognitive MAC should be reduced to make all the secondary users have the
equal opportunities of accessing the channel. However, the fairness problem in terms
of equal access delay is not emphasized in many modified CSMA /CA MAC protocols
[108-111]. Furthermore, a cognitive MAC protocol shall differentiate the priority for
various traffic types with QoS provisioning. Although the authors in [107,112-115]
suggested adjusting the transmission probability with different contention window
(CW) sizes and different lengths of black bursts to differentiate the traffic types, the

issue of avoiding interference to the legacy system was not fully considered yet.
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Third, in the decide stage, the cognitive MAC protocol schedules frame trans-
missions for secondary users to satisfy the QoS requirement, especially for delay-
sensitive traffic. In previous works, some researchers suggested to reserve time slots
prior to delay-sensitive frame transmissions [116-121]. However, such reservation
methods require a polling process or additional handshaking procedure to coordinate
frame transmissions. These methods consume battery energy and waste the valu-
able bandwidth in sending management frames. Thus, how to design a distributed
mechanism to reserve the transmissions for high priority frames becomes an issue.

At last, in the act stage of the cognition cycle, the cognitive MAC protocol
synchronizes stations and execute the transmission at the specified time. To syn-
chronize the clock of each station, the methods designating a centralized controller to
broadcast “beacon” signals or utilizing the global clock provided by Global Position-
ing System (GPS) were suggested in {12,120, 121]. However, both methods require
additional devices.

Here, we propose such a generic cognitive MAC protocol in overlaying ad hoc
networks with emphases on achievingtheraforementioned objectives: high spectrum
utilization, QoS satisfactory ‘and. short-access delay. Specifically, in the observe
stage, we propose a mechanism of establishing the neighbor list to help stations to
recognize the spectrum opportunities. In the plan stage, an improved contention
resolution mechanism, consisting of the gating mechanism, linear backoff algorithm
and stall avoidance scheme, is suggested to enhance the performance of throughput,
access delay and fairness from the aspect of short access delay for CR devices. In
the decide stage, a novel invited reservation procedure is developed to ensure a
secondary user with QoS provisioning. At last, in the act stage, a distributed frame
synchronization mechanism is proposed to coordinate frame transmissions among

secondary users without a centralized controller.
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4.2 Neighbor List Establishment in Observe Stage

To have the knowledge of the spectrum usage by the existing legacy system, we suggest
a neighbor list establishment mechanism to record frame transmissions from primary
and secondary users in the observe stage of the cognition cycle. Here, we assume the
cognitive MAC protocol can cooperate with other spectrum sensing, identification,
and allocation mechanisms to obtain the spectrum usage of primary users. Then,
we partition the observed frames into three categories and respectively store the
necessitated information into: Primary user information table (PIT), Reservation
Information Table (RIT) and Contention Information Table (CIT). The functions of

each table are described as follows.

e Primary user Information Tables(PIT) stores the spectrum usage of primary

users, including;:

— the address of the PU;
— the repetition period of the PU’s transmission;

— the frame length of the PU’s transmission.

The PIT records the transmission time of the PU to avoid interfering the ex-
isting legacy system. Recall that the PU is assumed to periodically transmit
packets using the TDMA MAC protocol. The secondary user can avoid inter-
fering the primary user transmission by acquiring the period and frame length.
On the other hand, the neighbor list establishment can incorporate with ad-
vance traffic models to estimate the information of PU’s transmissions [23, 36].
With the knowledge of PU’s transmissions, the secondary user can determine

whether its transmission will cause the interference.

e Reservation Information Table (RIT) saves the reservation information of delay-

sensitive traffic flows for secondary users including;:
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— the source address of the delay-sensitive traffic flow;
— the sequence number of the delay-sensitive traffic flow.

— the next packet length in the delay-sensitive traffic flow;

The RIT collects the reservation information in the MAC header of the delay-
sensitive data and its corresponding ACK frames for secondary users. The
header in the proposed MAC protocol is similar to that in IEEE 802.11 WLAN
[12], except for the duration field in the MAC header for delay-sensitive data
and its ACK frames. In our proposed cognitive MAC protocol, the duration
field represents the length of the next delay-sensitive frame in the flow instead
of the length of the current frame as in the IEEE 802.11 WLAN. This dura-
tion field will be set to zero if the delay-sensitive traffic flow has no remaining
packets. By overhearingsthe MAC header of frame transmissions in all the re-
served flows, CR devices ¢can updateiits RI'T and remove the canceled flow from
the list. In addition; the RIT ean also use the received order of the observed
information for the sequence of'réserved flow transmissions. The transmission
sequence and frame lengthrincorperating with the newly proposed distributed
frame synchronization mechanism help secondary users to recognize the time
whether it can transmit packet without interfering to the transmission of PUs

and reserved frames, which will be detailed in Section 4.5.

e Contention Information Table (CIT) records the properties of non-real-time

traffic including;:

— the source address of the non-real-time data traffic flow.
— the transmission time of the observed frame;

— the number of non-real-time data traffic flows;

The CIT provides the information with the number of non-real-time traffic flows,
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which will be used to reduce the collisions and improve the channel throughput

in the act stage of the cognition cycle.

To correctly establish PIT, RIT and CIT, a CR user is designed to observe the
status of frame transmissions around its neighborhood for an observe period T,
before any frame transmission. The duration of T, must be longer than the period
of the legacy system to ensure the secondary user has the knowledge of the periodic
frame transmissions for primary users. Furthermore, Ty, shall also be longer than the
maximum repetition period between two successive delay-sensitive frames to prevent
unnecessary real-time traffic flow establishment. The optimal value for T, can be
obtained through heuristic search but beyond the scope of this paper.

Another interesting point is that the continuous table update is inefficient in
terms of energy consumption. Forythisrissue, the proposed MAC protocol can incor-
porate with some well-knowil powerymanagement, e.g. power saving mode in [EEE
802.11 [12]. The node without packet transmissions can enter the sleeping mode, in
which the station turns off all the-tinnecessary-functions. The node will sleep over a
fixed period of time and wake up to check whether other nodes have packets to it-
self. An extra transmission window, like ATIM window in IEEE 802.11, is preserved
after all reserved frame transmissions to indicate the packet transmission in the later
future. The station having packets to the sleeping node sends the indicative message
in this window; otherwise, the sleeping node returns to the sleep mode until the next

ATIM window or the time it has packet to send.

4.3 Contention Resolution in Plan Stage

In the plan stage of the cognition cycle, the cognitive MAC protocol has two major
functions. One is to prevent CR users from interfering the legacy system, and the
other is to make them efficiently and effectively access the unused spectrum in a short

available transmission time. To this end, we suggest three improved approaches as
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follows:

1. gating mechanism - to forbid the transmissions that may interfere to primary

users or collide with other CR users;

2. linear backoff algorithm - to expedite the link establishment of delay-sensitive

traffic flows;

3. stall avoidance scheme - to speed up the transmission of stalled non-real-time

data packets.

The three above mechanisms help to achieve the objectives of high throughput, low

access delay, and fairness for secondary users.

4.3.1 Gating Mechanisin

The gating mechanism is dised to avoid: interfering the primary user of the legacy
system and to reduce thecollision among CR-users. The basic idea is cooperating
the spectrum usage inforniation: obtained from the spectrum sensing, identification
and allocation techniques to prevent-from"interfering the primary users. Recall that
the PIT stores the information of primary user transmissions. The gating mechanism
postpones the secondary user transmitting packets when the primary user appears on
the channel. In addition, we also suggest the modified p-persistent CSMA algorithm
to improve the efficiency of spectrum usage for CR users, where the optimal value of
p can be computed according to the number of nrt-nodes in CIT [69].

The detailed procedure of the proposed gating mechanism is described as follows:

1. When a frame of a CR user is requested for transmission, the gating mechanism

first checks whether a legacy user occupies the channel from the information in

PIT.

e If so, the transmission of this CR user is deferred.



53

e Otherwise, the optimal transmission probability p is calculated based on

the neighborhood information in CIT.

2. Apply the p-persistent algorithm to determine whether the frame can be trans-
mitted:

o If the frame is granted for transmission, the CR user immediately sends

the frame.

e Otherwise, the frame will be deferred and again contend for the channel

acCcCess.

According to the proposed procedure, one may argue that it still cause the in-
terference with the legacy system using the CSMA /CA MAC protocol by suppressing
the bandwidth. However, most existing systems using the CSMA /CA MAC are oper-
ated on unlicensed frequency‘bands, Both legacy and CR devices have the equal right
to access these frequency bands, and thus we believe that the bandwidth suppression

is not an issue for secondary users.

4.3.2 Linear Backoff Algorithm

To expedite the channel access in supporting delay-sensitive application, we sug-
gest that the link establishment of delay-sensitive traffic flows shall follow the linear
backoff algorithm instead of increasing the CW size exponentially as in the legacy
CSMA/CA MAC protocol. That is, if the request for sending the first frame of a
delay-sensitive traffic flow is collided, the CW size (CW,,) for that particular frame

increases according to the following principle:
CW,e = min(CWiaa, CWinin X (Npeqg — 1)), (4.1)

where N, is the number of attempts for sending the frame; CW,,,, and CW,,,
are the maximum and minimum CW sizes in the contention resolution mechanism,

respectively.
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Figure 4.1 shows the CW sizes for the linear and binary exponential backoff
algorithms. As shown in the figure, the CW size in the linear backoff algorithm
increases less slowly than that in the binary exponential backoff algorithm. Therefore,
the channel access of the first frame in a delay-sensitive traffic flow can be faster
than that of the non-real-time data flows. As long as the delay-sensitive traffic flow
is successfully established, the remaining frames are sent in the reserved time slot
according to the proposed invited reservation procedure (which will be discussed in
Section 4.4). Based on our design, because only the first frame contends for accessing
the channel, the number of attempts of establishing a delay-sensitive traffic flow is
much fewer than that of non-real-time traffic flows. Thus, the proposed MAC protocol
can avoid the collisions issue of the linear backoff algorithm, while reducing the access

delay in the link establishment of delay-sensitive traffic flows.

4.3.3 Stall Avoidance Scheme

In order to improve the fairness for.the CR users, we develop a stall avoidance scheme
aiming to reduce the transmission delay of.the nrt-nodes with excessive buffered
frames. The specific goal of the'suggested approach is to minimize the variance of the
access delay among all the nrt-nodes. Due to the short available transmission time
of the spectrum in an overlaying cognitive ad hoc network, the small variance of the
access delay makes CR users have equal opportunities to access the channel. Here,
the access delay includes the waiting time in the queue and the channel access time.
Therefore, obviously, reducing the variance of access delay implies to speed up the
back-logged frame transmission.

The suggested stall avoidance scheme with respect to nrt-nodes is described as
follows. Select a pre-determined threshold Qy;, for the maximum allowable buffered

data frames and the guaranteed CW size for the stalled nrt-nodes C'Wgy, where

CWstall < CWmm (42)
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Fig. 4.1: Comparison of CW size between linear and binary exponential backoff algorithms.
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If the number of buffered frames in an nrt-node is more than Qyy, the CW size of the
subsequent frames in the queue is reduced to C'Wy,;. Because a smaller CW size
leads to a higher transmission probability, the lagging frames in a stalled nrt-node
with CWg, can be transmitted earlier than others, thereby improving the fairness
performance among nrt-nodes. Both Qg and CWy,; are system parameters, which
optimal values can be obtained through heuristic search but beyond the scope of this
paper.

One may argue that reducing the CW size worsens the network congestion in a
crowded system and thus causes the instability for a network. However, this situation
may seldom happen because secondary users in a cognitive network have plenty of
channels, and the number of secondary users choose and access on the same channel
is small compared to the legacy system. Furthermore, our simulation results shown in
the later section illustrate thatthe systeni,up to 140 stations can still remain stable.
Therefore, we believe the system instability is-not a severe problem for the proposed

MAC protocol.

4.4 Invited Reservation Procedure in Decide Stage

Next, another key challenge in designing the cognitive MAC protocol lies in the way
of periodically transmitting delay-sensitive traffic flows because any connection in a
cognitive ad hoc network cannot interfere the legacy system. To solve this problem,
we propose an invited reservation procedure in the decide stage of the cognition

cycle.

4.4.1 Invited Reservation Procedure

The invited reservation procedure is designed for supporting the delay-sensitive ap-
plication. Based on this procedure, the receiver sends the real-time clear-to-send

(rt-CTS) control frame to reserve time slots for the transmitter sending subsequent
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Fig. 4.2: An illustration of the invited reservation procedure.

frames of a reserved delay-sensitive traffic flow. Like the clear-to-send (CTS) con-
trol frame, the duration field of the MAC header in the rt-CTS frame defines the
length of current frame transmission and thus can be used to forbid the transmis-
sions from the stations in receiver’s neighborhood. Because the delay-sensitive frame
transmissions are controlled by the receiver of reserved flows, the collisions due to the
hidden node problem can be somehow ‘alleviated. For example, Fig. 4.2 illustrates a
scenario where the transniitter STA 1 establishies a delay-sensitive traffic flow to the
receiver STA 2 in the presénce of a hidden'node STA 3. In the figure, the receiver
STA 2 sends rt-CTS inviting STA T to transmit reserved frames. Upon receiving the
rt-CTS control frame for STA 1, the hidden node STA 3 recognizes the incoming
reserved transmission and halts sending packets. Therefore, the invited reservation
procedure can reduce the dropping rate of delay-sensitive traffic flows, especially in
an environment with hidden nodes. Furthermore, recall that the MAC duration field
of delay-sensitive data and its ACK frames represent the frame length of the next
packet in the reserved flow. This value will be set to zero if the reserved flow is can-
celled, and thus the receiver knows whether the sender has packets once the flow is
established. On the other hand, since the receiver can learn the spectrum usage time
of primary users in observe stage of the cognition cycle, the receiver always has the
knowledge to adjust the invitation without interfering primary users.

In our design, the transmission based on the reception of rt-CTS may induce an
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issue that the transmission from the hidden node of the receiver may cause collisions
at the sender. In fact, assuming that the hidden node also follows the proposed MAC
protocol, it can transmit packets only after it receives all the data or ACK frames
from all the reserved flows in RIT. In other words, the hidden node has to wait for the
end of all delay-sensitive frame transmissions and then transmits packets accordingly.
Therefore, we believe the considered situation may not happen in our proposed MAC

protocol.

4.4.2 Link Establishment with Invited Reservation

Procedure

Next, the problem is how to establish a delay-sensitive traffic flow using the invited
reservation procedure. In our design,sthe first packet of a delay-sensitive traffic flow is
used for the link establishment through: the random access on the channel by request-
to-send/clear-to-send (RTS/ETS) handshaking. The first packet transmission also
reserves the length and sequenge for the-next packet transmission. Once the link is
successfully established, the“receiver periodieally sends the rt-CTS control frame to
reserve time for the reserved delay-sensitive flow. Figure 4.3 illustrates an example
for the link establishment. In Flow 2 (STA 4 — STA 3), STA 4 follows the RT'S/CTS
handshaking procedure to send the first packet of a delay-sensitive traffic flow during
the nth contention period (CP). As long as the flow is established, STA 3 periodically
sends rt-CTS with reserved information to its sender STA 4. Accordingly, without
contention, STA 4 transmits the rest packets of the reserved flow in succeeding con-
tention free periods (CFPs).

However, the random access for the link establishment of a delay-sensitive traffic
flow induces the collision with other non-real-time data frames and leads packet drop
due to the increased access delay. To alleviate the impacts of contentions, we design
the linear backoff algorithm for the first packet transmission to shorten the access

delay. The linear backoff algorithm decreases the CW size of the collided frame to
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Fig. 4.3: The timing diagram for the invited reservation procedure.

expedite the link establishment of a delay-sensitive traffic flow. The simulation results
in the later section demonstrate that the dropping rate of delay-sensitive frames in
the proposed MAC protocol is almost negligible compared to that in the IEEE 802.11
DCF mode. Therefore, we believe, thedmpact of contentions to the link establishment
for delay-sensitive traffic is insignifieant. becatise most of packets are reserved and sent
during an acceptable period,

On the other hand, for a reservation based MAC protocol, one important issue
is the starvation problem for mon-real-time data traffic. As shown in Fig. 4.3, the
fixed total transmission time in each'round is partitioned into two periods: the CFP
and CP. To prevent the starvation problem, the time duration of the two periods
shall be appropriately allocated so that the delay constraints for the delay-sensitive
traffic flow can be satisfied, while its impact on the non-real-time data transmission
can be limited to an acceptable level. However, precisely controlling the duration of
CFP and CP in a distributed way is sophisticated for CR device. Instead, in this
paper, the stall avoidance scheme is designed to avoid the bandwidth suppression
by expediting the stalled frame transmission. Recall that the stall avoidance scheme
will decrease the CW size to C'W,y if an nri-node has excessive buffered frames,
and CWgan < CWinin. The stalled non-real-time data frame with the small CW size
CWan can have a higher probability to win the channel contention and prohibits from

rt-nodes establishing a new delay-sensitive traffic low. Therefore, in this way, the
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Fig. 4.4: The timing diagram for the new proposed distributed frame synchronization mech-

anism.

access delay of non-real-time data frames can be still controlled within a reasonable

range without sacrificing the delay‘constraint/ for delay-sensitive traffic.

4.5 Distributed Frame Synchronization
Mechanism in Act Stage

Another important issue in the act stage of the cognition cycle is to develop a dis-
tributed approach to ensure the frame synchronization among CR users. The objec-
tive of frame synchronization is to inform stations the starting time of the CFP and
CP in each round. In the legacy IEEE 802.11 WLAN, the access point or the des-
ignated central controller broadcasts the “beacon” signal as the start of each round.
However, broadcasting ” beacon” signals not only increases energy consumption, but
wastes the valuable transmission time for secondary users. To this end, we propose a

new distributed frame synchronization mechanism as follows.
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The basic idea of the proposed distributed synchronization algorithm is to let
the secondary user transmission follow the sequence of reserved flows in RIT. Since
a CR user establishes its neighbor list in the observe stage, the information in RIT
can be applied to identify the first and last stations transmitting the delay-sensitive
frames. Thus, when the channel is available, the receiver of the first reserved flow
in RIT broadcasts rt-CTS frame to start a new CFP. During the CFP, the rt-nodes
transmit frames based on the sequence in RIT, whereas the nri-nodes wait until
receiving the ACK frame from the receiver of the last flow in RIT. If the primary
user become active during CFP, the receiver of the delay-sensitive traffic flow will halt
sending the rt-CTS and resume it when the spectrum turns idle. Therefore, through
the information stored in PIT and RIT, all the CR users can access the channel in
the designated period without influencing the primary users and the transmissions in
the reserved time.

Figure 4.4 illustrates an eéxample for. the proposed distributed synchronization
mechanism. Assume that STAs 1~6 establish delay-sensitive traffic flows. At the start
of the nth CFP, when STA 1 senses the channel is available, it immediately sends
rt-CTS to start a new CFP ‘and.waits-for receiving the frame from STA 2. After
sending the ACK frame to STA 2, STA 1 waits for a fixed duration and repeats the
above procedure until flow 1 is terminated. In the meanwhile, STAs 3 and 5 overhear
the channel and recognize a new CFP. When the previous reserved transmissions are
finished, STA 3 send rt-CTS to STA 4 to start flow 2. At last, when the transmissions
of the last flow in RIT are ended, i.e., flow 3 from STA 6 to STA5, the CP in the
nth round starts. All the nrt-nodes are allowed to contend for the channel during
this duration until the next CFP starts. Note that the proposed distributed frame
synchronization is only needed when delay-sensitive traffic flows exit. The legacy
CSMA /CA MAC protocol with the suggested gating mechanism is enough when only
non-real-time traffic exists.

Three interesting scenarios are discussed as follows. First, when a CR user just
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joins the CR network or turns on the power, it may not recognize the time when the
CFP and CP start. This particular user may access the channel in CFP and collide
the on-going transmission. To avoid this kind of collisions, the previously suggested
neighbor list establishment mechanism has been carefully designed to resolve this
problem. Recall that every CR user overhears the spectrum for at least a Ty, period
to correctly establish PIT, RIT and CIT before transmission. Since the duration of
Topby is longer than the maximum repetition period between two successive frames of
a reserved flow, a new user can be aware of the first and last transmissions in CFP
based on the information in its RIT. Thus, it can easily recognize the starting time
of the two periods in each round. Take STA 7 in Fig. 4.4 as an example. Since
it observes the channel for a T,,, period and establishes PIT and RIT, STA 7 can
recognize that CFP and CP respectively start after STAs 1 and 5 send the rt-CTS and
ACK frames. Therefore, STA 7 will aceess the channel during CP without colliding
with the transmission of primary users orresérved flows.

Another interesting issue is when some CR users can not maintain frame syn-
chronization due to the failure receptioniof rt-CTS, data and ACK frames in the lossy
wireless channel. Under this situation, the nrt-node may send the data frame in CFP
and cause collisions to other reserved flows. To deal with this problem, the invited
reservation procedure is designed with following principle. If not hearing the rt-CTS
frame longer than a duration of PCF inter-frame spacing (PIFS), the receiver of the
next reserved flow in RIT immediately sends the rt-CTS frame to reserve time slots.
Note that in the IEEE 802.11 WLAN, PIFS is longer than SIFS, but shorter than
data inter-frame spacing (DIFS). In this way, the rt-CTS frame always has the high-
est transmission priority, and thus it can protect the transmissions in CFP from the
interference of unsynchronized stations. As shown in Fig. 4.4, when STA 5 identifies
a new CFP, it waits for rt-CTS or data frame from STA 3 or 4. Once the channel is
idle longer than PIFS as shown in the n+1th CFP, STA 5 directly sends rt-CTS to

prevent the non-real-time frame transmissions from unsynchronized stations. There-
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fore, the frame synchronization can be maintained even though some frames are lost
due to signal outage.

At last, one may be curious that whether the new distributed frame synchro-
nization mechanism is backward compatible and interoperable with the legacy DCF
and PCF modes in IEEE 802.11 WLAN. On the one hand, the transmission in DCF
mode has no influence to that in our invited reservation procedure. Because the max-
imum spacing between any two delay-sensitive frames in our MAC protocol (PIFS)
is shorter than the minimum duration of two data frames in DCF mode (DIFS), i.e.,
PIFS < DIFS. The frame transmission in DCF mode cannot disturb the reserved
frame transmission in CFP. On the other hand, the neighbor list establishment helps
secondary users to recognize the transmission in the PCF mode and treat them like
primary user transmission. Therefore, with the gating mechanism and information in
PIT, all the secondary user trahsmissions in our MAC protocol are postponed until

the end of PCF mode to aveid finterfering:.the transmission in PCF mode.

4.6 Throughput Analysis

In this section, we analyze the throughput of our proposed cognitive MAC protocol
with mixed delay-sensitive and non-real-time data traffic flows. To ease the analysis,
we make the following assumptions: (1) the spectrum usage information is correctly
obtained by the spectrum sensing, identification, and allocation mechanisms; (2) the
channel is ideal without transmission errors; (3) a fixed number of nrt-nodes always
have packets to send; (4) the delay-sensitive traffic of a fixed number of rt-nodes is
characterized by the “on/off” model with the exponentially distributed inter-arrival
and departure time [122]. Recall that CR users can send packet only in the spare time
of primary user transmissions. Thus, we only consider the throughput performance

during the time available for CR users.
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4.6.1 Mixed non-real-time and delay-sensitive traffic lows

Next, we consider a mixed traffic model with delay-sensitive and non-real-time data
traffic lows. Denote M and K the number of rt-nodes and nrt-nodes, respectively,
and let n,.(¢t) be the number of rt-nodes requesting for frame transmissions at the
time instant ¢. For simplicity, it is assumed that only one delay-sensitive traffic flow
requests to establish in each round.

The delay-sensitive traffic is assumed to be modeled by an interrupted Poisson
process (IPP), as shown in Fig. 4.5(a). In the figure, the “On” state represents a
talk spurt, whereas the “Off” state is for a silent spurt [122]. The durations for both
states are exponentially distributed with a mean value of 1/¢q and 1/p, respectively.
In addition, an M-stage Markov-modulated Poisson process (MMPP) shown in Fig.
4.5(b) is applied to model multiple delay-sensitive traffic flows. Each state in the
figure stands for the numberiof rt-nodestequesting for frame transmissions, and thus

the state probability (P;) canbe expressed as
=0 AW
P, = Bl iR (43)

where p = q/p.
Denote T'(M, K) the throughput of M rt-nodes and K nrt-nodes in an overlaying

cognitive ad hoc network, which can be given by
T(M,K) = FElthroughput of M rt-nodes and K nrt-nodes]

M—-1 . .
L, L —iL,
- ZPZ ) <ZTtTrt + #Tnﬂf(K))
=0

L
M—1 iL,
= ant(K> + (Trt - ant(K>>ZPz I,
1=0
L., M
= oK)+ (T = T (B) T 5 (44)

where L is the entire duration of two secondary transmission periods, i.e., CFP and

CP; L,; is the total duration for sending delay-sensitive data frames as well as the
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Fig. 4.5: (a) Interrupted Poisson process model for delay-sensitive traffic. (b) Markov mod-
ulated Poisson process (MMPP) model for one type delay-sensitive traffic with M

users.
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rt-CTS and ACK control frames; T,,,+(K) represents the received frames from K nrt-
nodes in the CP; T}, contains the delay-sensitive data frames. Note that L is assumed
to be fixed because it excludes the duration of primary user transmissions.

The above analysis can be extended to the mixed traffic model containing mul-
tiple types of delay-sensitive traffic by using a multi-dimension Markov chain. Take
two delay-sensitive traffic types as an example and let N and M be the numbers of
CR users sending these traffic types, respectively. Then, the state probability P; ; of

the two-dimensional Markov chain model in Fig. 4.6 can be expressed as

N M
P ;= p1p2Fop (4.5)
i J
where p; = ¢1/p1 and py = ¢o/p2 are similar to the definitions in (4.3). Thus, the
total throughput T'(M, N, K) cambe Written as
ﬂ Mpy
L 15+ p1

ENPQ
L 1+ ps

T(M,N,K) = Tos(K) + (Tpy —Toa(K)) + (T2 — Tore(K)) (4.6)

where all the parameters are defined in-(4:4).

4.7 Simulation

In this section, we demonstrate the performance of the proposed cognitive MAC pro-
tocol through the NS-2 simulator [123]. We also use the IEEE 802.11 DCF mode
with the RTS/CTS handshaking for the performance comparison. The RTS/CTS
DCF mode is naturally a good candidate for secondary user in a cognitive net-
work because the carrier sensing avoids interfering primary user transmissions at the
moment of any packet transmission. Furthermore, most of current cognitive MAC
protocol still use the CSMA/CA MAC protocol to resolve the collisions among sec-
ondary user [36,49,59]. Thus, the performance of the CSMA /CA MAC protocol with
RTS/CTS handshaking can be a baseline in a cognitive network.
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Fig. 4.6: Two-dimensional Markov chain for the analysis of two delay-sensitive traffic types.
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Fig. 4.7: The considered network topology for the simulation, in which nodes are distributed

to three clusters in a string-type topology.

4.7.1 Simulation Environment

To begin with, we explain the considered simulation environment. In this paper, we
consider two network topologies, in which nodes are 1) allocated in one cluster and
2) distributed to three clusters in string-type topology. In the first network topology,
all the primary and secondary users are located in the same cluster with the area of
10 m x 10 m. On the other hand, in the second network topology, primary users are
only located in Region II, but secondary users‘are distributed at all the three regions,
as shown in Fig. 4.7. Furthermore, the nodes in region I are hidden from that in
region III, and vice versa. The secondary users in regions I and III can send packets
only to those in region II. In our simulation, the primary user is assumed to adopt
the TDMA MAC protocol, whereas secondary users use the proposed MAC protocol
or the CSMA/CA MAC with RTS/CTS handshaking for packet transmissions. In
addition, it is assumed that the transmission is considered success if only one user
accesses on the channel, while the collision takes place when more than one user
transmit packets at the same time. The other simulation parameters are listed in
Table 4.1.

Furthermore, the following traffic models are considered in the simulation.

e Voice traffic is characterized by an interrupted Poisson process. In the “On”

state, an 164-byte packet is generated every 20.48 msec, which is equal to 64



Tab. 4.1: System Parameter for the Simulation of Cognitive MAC Protocol

Area of one cluster 10 mx10 m
Distance of each cluster 160 m
Data Rate 2 Mbps
Slot time 20 psec
SIF'S 10 psec
PIFS 30 psec
DIFS 7 50 psec
Minimum CW sizé - - I‘ 3 _ 31
Maximum CW size 7> E 1023
CW for stall avoi:drénce: (C‘WW ¥ 3 15
Maximum frame tr;in,:sniission timés{ 7
Number of primary user; : 10
Number of rt nodes 10
Number of nrt nodes 80
Period of delay-sensitive flow 20 msec
Period of primary user transmission 20 msec
Packet size of primary user and delay-sensitive flows | 164 bytes

69
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Kbps. By contrast, the simulator stops generating any packet in the “Off” state.
The duration of the “On” and “Off” states follows the exponential distribution

with the average durations of 1 and 1.3 seconds, respectively.

e Telnet data traffic is modeled by a Poisson process with the packet length of
950 and 60 bytes. The packet inter-arrival rates are determined by the offered
load.

e FTP data traffic is assumed that the simulator continuously generates packets
with three frame sizes: 950, 500 and 60 bytes if a node successfully send the

previous one.

In our simulation, only half of users have packets to send, and the others are the
corresponding receivers. Without_any notice in the following, the network always
consists of 40 Telnet data flews in_the presence of 10 voice traffic flows, which are

respectively generated and zeceived by80 nrt-nodes, 10 rt-nodes and 10 primary users.

4.7.2 Performance'Measurements

The performance of the proposed cognitive MAC protocol is evaluated in terms of the
normalized throughput, mean access delay, fairness, and dropping rate. For clearance,

we define these performance metrics as follows.

e Normalized throughput is defined as the ratio of the number of successfully
received bits to the amount of total transmitted bits. Note that the success-
fully received bits account for both the successfully received non-real-time data
frames and the delay-sensitive frames as well as the primary user frame trans-
missions. The received frames from delay-sensitive traffic and primary users

will not be counted if the 20-msec delay constraint is not satisfied.

e Mean access delay accounts for the average duration a non-real-time data

frame requires when it is generated by the transmitter until it is successfully
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received by the receiver. By this definition, the access delay includes the waiting
time in the queue and the latency of the channel access. The frame, which
number of transmission times is larger than the maximum retry limit, will not

be taken into account for the access delay calculation.

e Fairness is evaluated by the maximum standard deviation of the frame ac-
cess delay among all the non-real-time traffic flows. Note that the available
transmission time for the secondary user in a cognitive network is short. The
reduced delay variance among traffic flows represents that all secondary users
have equal opportunities to send packets on the channel during the short trans-
mission time. Thus, the maximum standard deviation of access delay among
user is more appropriate for measuring the fairness performance in a cognitive

network.

e Dropping rate is defined ag the ratio ¢f the number of dropped frames to the
total number of transmitted frames. The frame is considered to be dropped if
the access delay of the délay=sensitive frame or the primary user transmission

is beyond 20 msec.

4.7.3 Numerical Results

First, we examine the dropping rate of primary user transmissions in the network
topology that all user are located in one cluster, as shown in Fig. 4.8. Because of the
gating mechanism and the information stored in PIT, the proposed cognitive MAC
protocol dynamically stops secondary users sending frames at the time when primary
users access the channel. Surprisingly, the dropping rate of primary users in the
legacy CSMA /CA MAC protocol is less than 3%. This phenomenon results from the
carrier sensing that the node performs before sending packets. This carrier sensing
satisfies the basic requirement of spectrum sensing in a cognitive network. However,

the carrier sensing only detects the channel at the time instance when it executes
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Fig. 4.8: Dropping rate of the primary user’s transmissions in the network topologies that

all secondary users are located in one cluster.
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Fig. 4.9: Throughput comparison of the proposed cognitive MAC protocol with the tradi-
tional CSMA /CA MAC protocol.

instead of the whole duration for the frame transmission. The collision still happens
when the primary user appears at.the time during the secondary user transmission.
In our proposed cognitive MAC protocol, the gating mechanism with the information
in PIT ensures the entire duration of the'secondary user transmission has no influence
to primary users. Although the current simulation only considers the periodic traffic,
the proposed method still can cooperate with other advance traffic models to estimate
the time and length of primary user transmissions. Therefore, we believe the proposed
scheme still provides valuable contribution for the cognitive MAC protocol design.
Figure 4.9 compares the normalized throughput of the proposed cognitive MAC
protocol and the legacy CSMA/CA MAC protocol in the one-cluster network topol-
ogy. For both the frame sizes of 60 and 950 bytes, the throughput in the proposed
MAC protocol are 100% better than those in the CSMA/CA MAC protocol. The
improvements mainly result from the invited reservation procedure, which can con-
trol the delay for the delay-sensitive frames. Thus, most of the delay-sensitive frames

can be counted for throughput computation. On the contrary, all the delay-sensitive
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Fig. 4.10: Comparison of mean access delay between the proposed cognitive MAC protocol

and the CSMA /CA MAC protocol.

frames in the legacy CSMA/CA MAC protocol still contend for the channel with other
non-real-time frames. The contention leads the'access delay of delay-sensitive frames
is beyond the delay constraint due to retransniissions, and causes the neglect of those
frame in throughput calculation.” Furthermore, the gating mechanism in the proposed
cognitive MAC protocol reduces the collisions in the CP. Hence, the throughput of
the proposed MAC is better than that of the CSMA /CA MAC protocol in supporting
mixed-type traffic flows.

Figures 4.10 and 4.11 compare the mean access delay and the fairness perfor-
mances between the two MAC protocols. For the proposed cognitive MAC protocol,
the mean access delay and its maximum standard deviation in sending the Telnet data
frames is less than 0.2 sec and 1 sec, respectively. However, for the legacy CSMA /CA
MAC protocol, the considered performance matrices are increased to 1.2 sec and 3.6
sec, respectively. The long access delay and its maximum standard deviation in the
CSMA/CA MAC protocol is due to the long waiting time in the queue. However,

when the non-real-time data frames are back-logged, the proposed stall avoidance
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Fig. 4.11: Comparison of fairness among the proposed cognitive MAC protocol and the
CSMA/CA MAC protocols

scheme can effectively reducethe CW size of the stalled frames to expedite the trans-
missions. Therefore, the proposed-cognitive, MAC protocol can reduce the waiting
time and improve the access«delay and its:standard deviation.

An interesting phenomenon shown in Figs.4.10 and 4.11 is that both the delay
and its standard deviation become stable at high traffic load. Recall that the com-
putation of access delay only counts the frame which the number of transmissions is
less than the retry limit, i.e., seven in our simulation. Therefore, the limited number
of frame transmission attempts for the calculation of access delay confines the values
of its average and standard deviation even at high traffic load.

Figure 4.12 compares the dropping rate of delay-sensitive traffic for secondary
users in two considered MAC protocols. As shown in the figure, the dropping rate in
the proposed MAC protocol is lower than 0.1%, while in the legacy CSMA/CA MAC
protocol the dropping rate can be higher than 50%. Because delay-sensitive frames in
the legacy CSMA /CA MAC protocol contend for the channel with data frames using

the similar priority, the retransmission due to the collisions causes the access delay
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Fig. 4.12: Dropping rate of delay-sensitive traffic for secondary users.
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beyond the delay constraint.+By contrast, with the help of the invited reservation
procedure, the proposed MAC pretocol can guarantee the delay-sensitive frames to
be received within the predeéfined constraint of 20 msec. Although, in the proposed
MAC protocol, the first frame of delay-sensitive traffic low still contends with other
non-real-time data frames, the linear backoff algorithm helps to quickly establish the
traffic flow and reserve the succeeding frame transmissions. Therefore, the dropping
rate of the proposed MAC protocol is almost negligible compared to the CSMA /CA
MAC protocol.

To validate our results, Fig. 4.13 shows the normalized throughput with the
mixed delay-sensitive and non-real-time data traffic in the proposed cognitive MAC
protocol by simulations and analysis. The considered scenario includes 10 rt-nodes
and various number of nri-nodes establishing voice and FTP data traffic flows, re-
spectively. As shown in the figure, the result from the analytical model by (4.4) are
close that from simulations, especially for the case with a small packet size. Even for

the large packet size, the discrepancy between analysis and simulation is still less than
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Fig. 4.14: Dropping rate of primary user transmissions in the network topology that sec-

ondary users are distributéd in‘three separated clusters.

3%. As shown in the figure, the throughput still remains stable even in the system
with more than 100 nri-nodes. [Chis observation illustrates that the use of small CW
size in the linear backoff algotithm and stall.avoidance scheme do not deteriorate the
network stability in a crowded environment.

At last, the network topology that all secondary users are distributed in three
string-type clusters, as shown in Fig. 4.7, is considered. Figure 4.14 shows the drop-
ping rate of primary user transmission. Similar to the observation shown in Fig.
4.8, the dropping rate in the proposed cognitive MAC protocol is negligible com-
pared to the legacy CSMA/CA MAC protocol. In addition, as shown in Figs. 4.15
and 4.16, the proposed cognitive MAC protocol for secondary user transmissions still
outperforms the legacy CSMA/CA MAC protocol in terms of throughput and drop-
ping rate. Like the RT'S/CTS handshaking in the legacy CSMA/CA MAC protocol,
broadcasting rt-C'TS from the receiver of reserved flows in RIT reduces the collision

in the reserved slot. Thus, the hidden node issue only cause a minor impact to the
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throughput and dropping rate in the proposed cognitive MAC protocol.

4.8 Conclusion

In this part, we have proposed a cognitive MAC protocol to establish an overlaying
cognitive ad hoc network with QoS provisioning in the presence of the legacy wireless
systems. The proposed mechanisms can supplement the insufficiency of the legacy
CSMA/CA MAC protocol to fulfill the goals of the cognitive wireless networks. With

respect to the four stages in the cognition cycle, we suggest the following techniques:

e Neighbor list establishment in the observe stage: to help CR users having
the knowledge of the spectrum usage by the primary and other CR users;

e Improved contention resolution. algorithm in the plan stage: to prevent
CR users from interfering the existing legacy system and to allow CR users to
efficiently and fairly access the chiannel i the short spare time of the spectrum

usage by primary users.

e Invited reservation procedure in the decide stage: to schedule the trans-
missions of delay-sensitive traffic with satisfactory QoS requirements for sec-
ondary user without interfering the legacy system and to dynamically allocate
the bandwidth for various traffic types to avoid the starvation issue for low

priority traffic.

e Distributed frame synchronization in the act stage: to distributively co-

ordinate the frame transmissions among CR users.

Through the simulations by NS-2, we demonstrate that even in the environment
with hidden nodes, the throughput performance of the proposed MAC protocol is at
least 50% better than that of the legacy CSMA/CA MAC protocol. The mean access

delay and its maximum standard deviation of the proposed MAC protocol are 5 times
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less than the CSMA/CA MAC protocol. At last, instead of more than 50 % for the
legacy CSMA/CA MAC protocol, the dropping rate of delay-sensitive traffic for the
proposed MAC protocol is almost negligible.
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Chapter 5

Traffic-aware Cognitive Spectrum Handoff
with Preemptive Interruption

In this chapter, we discuss the link maintenance issue for CR device when the
primary user accesses on the occupied channel during the period of a secondary user’s

transmission.

5.1 System Model

Here, we assume that both primaryand secondary users uses the slotted system,
in which the user’s transmissions jonrthie cliannel are partitioned into slots. The
primary user is assumed to jadopt the“connection oriented medium access control
(MAC) protocol for theirtdata, transmissions-to meet the quality-of-service (QoS)
requirement, such as GSM and WiMax. The*secondary user is capable of advocating
the channel in the prior slot of the primary user’s transmission by overhearing the
reservation information in the legacy system.

Then, we will consider three scenarios for secondary users to continue their
transmissions when the primary user appears on the occupied channel. In the first
scenario, the secondary user stays in the original channel and postpones its transmis-
sion when the primary user appears on the channel, as shown in Fig. 5.1. The CR
user will resume the transmission after the primary user completes its transmission.
This non-spectrum-handoff process will be repeated until the secondary user sends
all its data. Apparently, the stalled transmission prolongs the transmission time and
thus decreases the effective data rate.

The next considered scenario is that the secondary user switches to another

channel to proceed its transmission when the primary user appears in the channel.
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Fig. 5.1: An illustration of the transmission scenario that the secondary user stays in the

original channel when the primary user accesses on the channel.

This is the so called “spectrum handoff”. To the secondary user, the key issue for
the spectrum handoff is the selection of the target channels to continue the on-going
transmission. In this case, we categorize two possible scenarios for the target channel
selection. Figure 5.2 illustrates the first channel selection scheme. As shown in the
figure, the secondary user prepares' thérlist of the target channels for the spectrum
handoff before it establishes the linki The c¢hannel list can be sent to the receiver
during the period of the link ‘setup. When the primary user accesses in the occupied
channel, the secondary user can-change-its transmission on the first channel in the
list without waiting for the “primary user’s:-transmissions. Obviously, the effective
data rate for secondary users can be significantly improved due to the decreasing
transmission time.

However, the pre-determined channel list spectrum handoff scheme in the last
paragraph relies on the accurate traffic model to estimate the usage of the primary
user on the target channel. The error decision makes the secondary user continuously
change its transmission on different channels. The secondary user wastes time on
the handshaking for the spectrum handoff, and thus the effective data rate is also
decreased due to the erroneous channel prediction. To reduce the error probability
of the channel selection, another intuitive way is proposed to determine the target
channel after a sensing mechanism, as shown in Fig. 5.3. In the figure, the CR

device will perform a wideband radio sensing once the primary user accesses in the



Ch 1 SU

84

P

s,
IS

Ch?2

Ch N

N/
SU
/ e -

' error

SU

Fig. 5.2: An illustration of the spectrum handoff scenario that the secondary user deter-

mines the list of target channels before the link is established.
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same channel. The secondary user then chooses and changes to the target channel
according to the result obtained from the radio sensing. Clearly, the spectrum handoff
with radio sensing scheme can avoid the possibility of the erroneous target channel
prediction in the aforementioned method. However, this method still spends time on
performing the radio sensing, which also prolongs the transmission time and decreases
the effective data rate.

Another issue for the two aforementioned spectrum handoff schemes is the num-
ber of spectrum handoff trials that a secondary user has to perform during its entire
transmission duration. Intuitively, the more the number of handoffs the higher the
probability that a secondary user can maintain the established link, whereas the
longer the transmission time that a secondary user requires to finish its transmission.
Thus, it requires a way to come to a compromise between the performances of the
link maintenance probability and effective data rate in the three secondary user’s

transmission scenarios.

5.2 Analytical Model

In the following, we will develop an analytical model to investigate the performances
of the three considered transmission scenarios for secondary users. This analytical
model provides an insight for the system parameter design at the given requirement

of the link reliability and effective data rate for secondary users.

5.2.1 Link maintenance probability

The link maintenance probability p,, is defined as the probability that a secondary
user can finish its transmission within N handoff trials. Given the secondary user

transmission lasts over M slots, the link maintenance probability p,, can be written
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Fig. 5.3: An illustration of the spectrum handoff scenario that the secondary user performs
the wideband radio sensing and then determines the target channel after the pri-

mary user appears.
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pm = Pr{the number of handoff trials required for the whole secondary

user’s transmission is less than N| an M-slot transmission} . (5.1)

Let p be the probability that the given slot is not available for a secondary user.
Assume that the primary user’s transmissions on different channels are identical.
Then, for the non-spectrum-handoff scenario and the pre-determined channel list

spectrum handoff scheme, the link maintenance probability is determined by

Pm = (1—p)M 1+ (M1_1>p(1—p)M1—|-. o <M_]3+N)pN(1_p)M1

- (M e 5:2)

where p,, = 1 as N — oo. In these two transmission scenarios, the slot after one
handoff trial may not be ayailable for secondary users due to the continuous primary
user’s transmission or theserroneous-target channel prediction. Thus, for a limited
number of handoff trails, the link ' maimtenance probability is always less than unity.

In addition, the non-specttuim-handoff scenario only differs with the pre-determined
channel list spectrum handoff on the probability p. Suppose that the access proba-
bility ppy of the primary users in a given slot is independent. Given p. the frame
outage probability of the secondary user’s transmission in a slot, the probability p in

the non-spectrum-handoff scenario can be expressed as

p=pru+ (1 —ppu)pe - (5.3)

However, for the pre-determined channel list spectrum handoff, the channel prediction
error probability ps should be further taken into account. Thus, the probability p’
that a secondary user is unable to transmit in the given slot for the pre-determined

type spectrum handoff becomes

/

pP=p+1—-pps. (5.4)
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As for the spectrum handoff with radio sensing scheme, the link maintenance
probability p,, is slightly different from the aforementioned two cases. Because the
secondary user executes the radio sensing and selects the target channel while the
primary user accessing the channel, at least one slot in the target channel is always
available after a handoff trial. Therefore, the link maintenance probability p/, in this

case can be written by

- N (M - 1)#(1 —pi (5.5)

where p/, = 1 when N = M. Because the target channel decision is made right after
the radio sensing, the channel prediction error probability can be negligible in the

calculation of the slot availability p-

5.2.2 Effective data rate

Next, given lgy the payload length of ‘a“secondary user’s transmission, the effective

data rate Rgy for secondary users ¢an be defined as

sy
RSU - E[tSU] ) (56)

where E|tgy] is the average time of a secondary user’s transmission, which differs
from the transmission scenarios as discussed in Section 5.1.

Given Tpy the primary user transmission time, in the non-spectrum-handoff
case, a secondary user’s transmission will be delayed by T’p;; each time when a primary
user accesses in the channel, as shown in Fig. 5.1. Thus, referring to the derivations of

the link maintenance probability in (5.2), the average secondary user’s transmission
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time E[tY77°] can be written by

M—-1

E[tg5"0] = (1—p)M‘1TSU+< )

(]\/[—2—1—]\7

)P(l —p)" N (Tpy + Tsv) + - -

N )pN(l —p)" N (NTpy + Tsv)

=D (M i %)Pi(l — )" iTpy + Tsv) (5.7)

; i
=0
where Tsy = lsy/rsu, and rgy is the data rate during the secondary user’s transmis-

sion. As N — oo, the average transmission time converges to

(M—-1)p

E[tggHO] =Tsy + Tpru 1=

(5.8)

For the pre-determined channel list spectrum handoff scheme, the secondary

user’s transmission is postponed by the, execution time T, of a handoff trial. Then,

similar to (5.7), the averagesfransmission tithe E[t2I9%°%] turns into

E[tgows] =2y <M Z Z) ' (1 =M GT, + T (5.9)

; 1
3=0
where E[t3HOwS] = Ty + T,(Mi=1L)p'/(1—p') as N — oo.
At last, the spectrum handoff with radio sensing scheme needs to performs the

radio sensing and spectrum handoff for each handoff trail. Let T, be the time a

secondary user requires to accomplish a radio sensing, and then E[t3H9%] becomes

M-1

B = (- por s (M)

)p(l —pM P (T +T)+ T + -

(M5 ) e ) 1)

(M- i Ty 1 (510)

(2

When N = M, the transmission time in (5.10) can be written by

Elts?%] = Tsy + (M = V)p(T, + T.) . (5.11)



90

Tab. 5.1: System Parameters of the Spectrum Handoff for Link Maintenance

slot time 10 psec

PU transmission time 2.5 msec
payload length of a secondary user’s transmission (Isy) 1500 bytes
secondary user transmission’s speed (rgy) 12 Mbps
execution time for a spectrum handoff trial (7},) 100psec~10msec
the secondary user’s radio sensing time (75) 100psec~10msec
frame error rate for a secondary user’s transmission (p.) 1072 & 107!
channel prediction error probability (p;) 1073 ~ 107!
primary user appearance probability in a slot (ppy) 1073 ~ 107t

5.3 Numerical Results

In this section, we investigate the performances of the link maintenance probability
and the effective data rate-for the éecondary user’s transmission. Both primary and
secondary users’s transmissions are _partitioned into slots. The primary user adopts
the connection-oriented MAC protocol, in which the user first requests to establish
connection and transmits data according to the information broadcasted by the base
station. The secondary user overhears the broadcast messages to synchronize the tim-
ing with the legacy system and to avoid interfering the primary user’s transmissions
by acquiring the schedule. Here, we assume that the slot time and a primary user’s
transmission time are 10 psec and 2.5 msec, respectively. Without any special notice,

the values of the system parameters considered in this paper are shown in Table 7.1.
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5.3.1 Performance of effective data rate for a reliable

secondary user’s link

First, we consider the situation when the secondary user’s link can be always success-
fully maintained, that is p,, = 1. Figures 5.4(a) and (b) illustrate the impact of the
primary user’s traffic load on the effective data rate. As we can expect, the effective
secondary user’s data rate in both spectrum handoff schemes are higher that the non-
spectrum-handoff transmission scenario if ps < 0.15 or Ty < 1.5 msec. Intuitively, for
the non-spectrum-handoff transmission scenario, the secondary user requires to wait
a long period of time for primary user’s transmissions. Thus, the effective secondary
user’s data rate is decreased due to the prolonged transmission time.

Also shown in Figs. 5.4(a) and (b), one can observe that the effective data rate
performance is sensitive to the,changes ofisthe channel prediction error probability py
and the radio sensing time 7. For the pre-determined channel list spectrum handoff
scheme in Fig. 5.4(a), when the prediction efror p, increases from 0.1 to 0.5, the
effective data rate decreasés from 35ri<hps t0:10 Kbps. Similarly, for the spectrum
handoff with radio sensing scheme, Rgsybecomes from 35 Kbps to 7 Kbps as the
radio sensing time 7, changes from 1 msec. to 10 msec. Obviously, increasing the
radio sensing time delays the secondary user’s transmission time, and thus decreases
the effective data rate. On the other hand, the large prediction error raises the
required number of spectrum handoff trails, and also decreases the effective data
rate due to the prolonged transmission time. Therefore, from this observation, it is
worthwhile to carefully design the system parameters of the spectrum handoff for
both the considered schemes.

Compare the performances in Figs. 5.4(a) and (b). As ppy = 0.5 ~ 0.9, the
effective data rate for the spectrum handoff with radio sensing scheme is higher than
the pre-determined channel list spectrum handoff. For example, for ppy = 0.9, the

effective data rates in the spectrum handoff schemes with and without radio sensing
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Fig. 5.4: Impact of primary user’s traffic load on the effective data rate if the secondary

user’s transmission is reliable.
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are 9 Kbps and 3 Kbps, respectively. In this situation, the radio sensing ensures
that the secondary user can select the correct target channel, and thus effectively
lowers the required handoff trials. However, the erroneous channel prediction makes
the secondary user require more handoff trials to maintain the link. Therefore, the
effective data rate for the scheme of spectrum handoff with radio sensing is higher
than the pre-determined channel list spectrum handoff in the case of the high primary
user’s traffic load.

Figure 5.5 shows the impacts of the spectrum handoff execution time and the
frame error rate for a secondary user’s transmission on the effective secondary user’s
data rate. Obviously, the longer the execution time the lower the effective data rate.
Interestingly, in the case of the short handoff execution time, the pre-determined
channel list spectrum handoff outperforms the other two schemes. This is because
the secondary user can quicklytswitch to,the target channel even to the incorrect
channel, whereas the othei schemes have to-wait for an extra period of time for
a primary user’s transmission or radio sensing. Thus, the channel-listed spectrum
handoff is better than the other two gchemes as T, < 1.5 msec.

On the other hand, the‘impact of seeondary user’s frame error rate (FER) is
insignificant compared to the other parameters. The erroneous secondary user trans-
mission only postpones the transmission in the later one slot, while the erroneous
channel prediction makes secondary user wait an extra primary user’s transmission
time or radio sensing time. The duration of a slot time is much shorter than the
duration of the other two time periods. Thus, the FER of the secondary user’s trans-

mission will not be an important parameter for the spectrum handoff.

5.3.2 Impacts of spectrum handoff trials

Figure 5.6 shows the link maintenance probability versus the number of spectrum
handoff trials. Apparently, the more the handoff trials the higher the link maintenance

probability. Furthermore, it is interesting that the required number of handoff trials
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for the pre-determined channel list scheme is larger than the other two schemes due
to the error possibility of channel prediction. On the other hand, in the case of
high primary user’s traffic load, the spectrum handoff with radio sensing scheme
only requires much less handoff trials than the other two schemes. This is because
the former scheme can always select the correct channel lasting at least one slot for
the remaining secondary user’s transmissions. However, the later two schemes may
encounter the situation of the continuous primary user’s transmissions or the channel
prediction error, both of which increase the required number of handoff trials. Thus,
the scheme with radio sensing can confine the number of handoff trials within a small

value.

5.3.3 Design of system parameters for spectrum handoff

schemes

At last, we discuss the system parameter design for the two considered spectrum
handoff schemes. Figure 5.7 (a) illustrates-the required number of handoff trials NV and
the maximum channel predié¢tion error probability p, for the given effective data rates
and when T, = 100usec. and ppy = 0.1. Similarly, Fig. 5.7 (b) shows the required
number of handoff trials N and the maximum radio sensing time T,. Here, the
presented data for the two spectrum handoff schemes have to satisfy two criteria: (1)
the link maintenance probability p,, > 0.9 and (2) the lower average transmission time
compared to the non-spectrum-handoff method. As shown in the both figures, given
an effective data rate, the required number of handoff trials increases as the channel
prediction error p, or the radio sensing time increases. However, when the handoff
trials is more than a certain threshold, the maximum allowable channel selection
error or sensing time is decreased. This phenomenon can be explained into two folds.
On the one hand, adding the number of handoff trials raises the link maintenance
probability and increases the allowable error probability of channel selection or sensing

time. On the other hand, when the handoff trials is too many, the average secondary
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user’s transmission time in the two handoff schemes becomes longer than that in the
non-spectrum-handoff case. Thus, the maximum error probability and sensing time

is decreased to satisfy the delay requirement.

5.4 Summary

In this part, we examined the performances of the three possible transmission scenar-
ios for CR devices when the primary users appear in the occupied channel. The con-
sidered scenarios include: (1) non-spectrum-handoff scheme; (2) the pre-determined
channel list spectrum handoff and (3) the spectrum handoff with radio sensing scheme.
Based on the developed model, we investigated the impacts of the channel prediction
error probability, the radio sensing time, the number of handoff trials, the primary
user appearance probability, thé frame érror rate of the secondary user’s transmis-
sions and the handoff times The numerical results show that the spectrum handoff
with the radio sensing scheme outperforms the“pre-determined channel list spectrum
handoff in the case of the high primary-user appearance probability due to the more
successful channel selection for the handeff. The results also reveal that the perfor-
mances of secondary users for the two spectrum handoff schemes is sensitive to the
prediction error probability, the radio sensing time and the number of handoff trials.
At last, given an effective data rate and the link maintenance probability, we provide
the design guide of the system parameters so that the effective data rate of the two

handoff schemes is higher than the non-spectrum-handoff case.
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Chapter 6

Cross-layer Analysis for A Cognitive
MAC: Single Channel CSMA /CA Case

Study

The objective of this part is to develop such a cross-layer analytical model to ac-
curately evaluate the throughput of the CSMA /CA MAC protocol. To our knowledge,
in the context of the IEEE 802.11 WLAN, an analytical throughput model taking into
account of the effects of a practical directional antenna pattern, capture, log-normal
shadowing, multipath Rayleigh fading and the number of radio transceivers is still
lacking in the literature. Here, we provide.the complete derivation of the PHY /MAC
analytical model and the more detailed simulation results. Furthermore, we discuss
the impacts of SINR requirément, shadowing parameters, directional antenna gain
patterns and the number-of radio-transcecivers for both the uplink and downlink

transmissions.

6.1 Motivation

As the demand for the WLAN services has grown dramatically recently, it becomes
a crucial issue to further improve the performance for the CSMA /CA based WLAN.
In the literature, there have been mainly three research directions for this issue. The
first direction is from the MAC protocol perspective [111,114,124-127]. The authors
in [114,124] proposed a dynamic tuning algorithm to adjust the backoff window size
according to the traffic load. In addition, a fast backoff procedure was proposed
in [111]. Packet pipeline scheduling [125] and the out-of-band signaling [126] were
proposed to reduce the possibility of frame collision. In [127], a frame concatenation

mechanism was introduced to reduce the protocol overhead. The second research
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direction to improve the throughput of the CSMA/CA based WLAN is to incorpo-
rate the capture effect [80,81,128]. With capture effect, a user can transmit data
even with other simultaneously transmitting users. The third research direction is to
adopt directional or smart antennas in WLAN [129-141]. The main objective of these
works was to modify the MAC protocol to exploit the advantages of directional or
smart antennas. These MAC protocols can be categorized into three types: 1) multi-
ple antennas equipped with one radio transceiver and one network allocation vector
(NAV) [129-132]; 2) multiple antennas equipped with one radio transceiver, but each
antenna is associated with distinct directional network allocation vector (DNAV),
and the new MAC protocol is designed to dynamically switch antenna to the desired
users [133-136]; 3) multiple antennas and radio transceivers, each of which is also
associated with independent NAV [137-141]. However, most of these MAC protocols
considered only an ideal directional antenna pattern and ignore the effects of capture

and frame outage.

6.2 MAC Layer Threughput Performance:
Previous Analysis

In Section 6.4, we will propose a PHY/MAC cross-layer analytical model for the
CSMA/CA MAC protocol that extends from [69] to further incorporate the effects
of frame capture, outage and a practical gain pattern of directional antennas on the
backoff process in the presence of shadowing and Rayleigh fading. To this end, we first
summarize the work of [69], and then describe the method of incorporating capture

effect in the CSMA/CA protocol.

6.2.1 CSMA/CA Backoff Process without Capture Effect

The backoff process aims to resolve the contention issue when multiple users access

a common radio channel. According to the CSMA/CA MAC protocol, all users wait
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for a random duration before transmission. The waiting time is randomly chosen
between zero and the backoff window size. Previous outcomes of channel contention
will affect the backoff window size. According to the IEEE 802.11 WLAN, the backoff
window size is doubled in the next attempt if a frame is collided in the current attempt.
When a frame is successfully transmitted or a new frame requests to send, the backoff
window size will be reset to the minimum value.

In [69], the author proposed an analytical model to evaluate the saturation
throughput for the CSMA/CA MAC protocol. According to the analytical model

in [69], the stationary transmission probability 7 can be written as follows:

2
T = = . (6.1)
1+ Wo + pCW() Z (Qpc)i
=0

From (7.5), it is implied that a smaller value of p. leads to a higher transmission prob-
ability (7). However, a higher'transmission probability also results in more collisions.

For N contending users, the frame collision prebability (p.) is
P (] VL (6.2)

Jointly solving (7.5) and (6.2), we can obtain the stationary transmission probability
T for a given N and the range of the backoff window size (W, 2°W).

Define the normalized system throughput (S) as the fraction of time that the
channel is used to transmit payload successfully. Also, note that the successful trans-
mission probability (ps) can be computed as the probability that only one user trans-

mits frame under the condition that at least one user is active, i.e.,

N7(1 —7)N-1
DPtr

where p;,. = 1 — (1 — 7)% is the probability that at least one user is active.

Hence the normalized system throughput (S) can be expressed as

E[payload transmitted during one slot]
Elslot duration]

— psptrE[P] (64)
(1 - ptr)a +ptrpsTs + ptr(l — ps)TC ’

S:
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where E[P], Ty, T., and o represent the average payload size, average successful trans-

mission duration, average collision duration, and an empty slot time, respectively.

6.2.2 CSMA/CA with Capture Effect

In [80], the author extended the model of [69] to incorporate the capture effect. The
capture probability (p.,) is defined as the probability that the received SIR of a
transmitted frame () is higher than a required threshold z,. That is,

N-1

Peap = Z Rz : Pl”(’}/ > ZO’i) ) (65)

i=1
where R; represents the probability of the total (i + 1) frames contending for trans-
missions in the same time slot, i.e.,
N . .
Rp= G — )N 6.6
(- (66
In [80], the successful:transmission probability with capture effect is then defined

as

N Nzl R + Deap
L R

(6.7)

Following the remaining steps in [69], the throughput performance of the CSMA/CA
with capture effect can be obtained based on the modified successful transmission
probability in (6.7). However, the transmission probability 7 in [80] is calculated in a
lossless channel based on the Bianchi’s method [69], where the effects of frame outage
and capture in the physical layer are not considered in the binary backoff process.
In fact, the frame outage decreases the stationary transmission probability (7);
whereas the capture effect increases it. Therefore, in our paper, we consider both
the frame outage and capture effects when evaluating the stationary transmission
probability in the binary backoff process. We will show how the frame outage and

capture effects influence the transmission probability during the backoff process.
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6.3 Physical Layer Effects

In the time varying wireless channel, a user may fail to receive the packet in the
following two scenarios. First, when the received signal strength of a frame is lower
than the required threshold due to large propagation attenuation even without any
other contenders, the frame outage occurs and which the probability is denoted by
Po- Second, when the received signal power of the desired frame (Pjegireq) does not
exceed the interference power of other (N — 1) frames with enough margin, the frame
is not captured and which the probability is denoted by p,.. In this section, we
first derive the frame outage probability in a log-normally shadowed Rayleigh fading

channel with a practical directional antenna.

6.3.1 Radio Channel-Characteristics

In this paper, we consider:the' common. ¢hannel effects: path loss, shadowing, and
Rayleigh fading [142]. Path loss des¢ribes the power attenuation due to the propaga-
tion distance (1) between a‘user and the aceess point. Usually, path loss is modelled
as r~ "7, where 7 is the path loss exponent. Hereafter, we choose 7 = 4 in this paper.
Shadowing is caused by terrain features and can be characterized by a log-normal

/10 wwhere € is a Gaussian random variable with zero mean and

random variable 10°
a standard deviation of o dB. At last, Rayleigh fading characterizes the impact of
multipath propagation.

Let P, be the transmission power of a user and consider the antenna gain G(6)

with the incident angle . Then the received signal power P, at an access point can

be written as
P, = Pr*G(6)10%/192% | (6.8)

where x is a Rayleigh distributed random variable with unit power and has the prob-
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ability density function (pdf) as follows:

2

fx(z) =2xe™™ . (6.9)
Let Y = X2, Then the cumulative density function of Y is
Fy(yy=1—¢e". (6.10)

6.3.2 Outage Probability

The frame outage probability is evaluated when only one user accesses the wireless
channel without other competing users. In this case, the total interference power is

zero (i.e. Py =0), and the frame outage probability can be expressed as

Do = Pr{SNR =<2}

P, —4 o)1 £/10
:Pr{ L2 G‘EV) vy <Zo}
0

N
— % {y - ZOFOT‘lG(G)_llO_S/lO} , (6.11)
t

where 2y is the required receéived SNR.threshold, and N, is the noise power. In
the IEEE 802.11 standards, a WLAN device can adopt different modulation and
coding schemes according to channel conditions. To evaluate the effect of different
transmission rates on the outage probability, we can apply the required received SNR

threshold zj in accordance with the selected modulation and coding scheme in (6.11).

6.3.3 Effect of Directional Antenna on Outage Probability

Now, we discuss the impact of directional antennas on the frame outage probability.
Let L be the cell radius and denote 0355 the 3 dB beamwidth of the directional
antenna. Assume that the users are spatially and uniformly distributed within a cell,
and thus the pdf of the distance (r) and angle (f) between the user and access point
can be given by f.(r) = 2r/L?, fo(6) = 1/20545, respectively [143]. From (6.10) and



105

(6.11), we can have

N
p, = Pr {y < ZOFOT4G(9)110£/10}
t

03¢ oo L

= [ ][5 (agrem o).

703dB —oco 0

Jr(1) fe(€) fo(0) drdgdd

03¢ oo L

_ / / / (1 . 620];7,?7’46’(0)110_150) .

_93dB —oo 0

e=€/20° 2r
IR I L N 6.12
( 2o ) (293dBL2> rd (6.12)

where f¢(§) = e=¢*/20° /v/2mo represents the distribution of the log-normal shadowing.

Figure 6.1 shows two antenna'patterns with 3 dB beamwidth of 120° and 60°,
respectively [144,145]. The ‘anteniia [gain. pabterns shown in the figure will be used
to evaluate the impact of-ditéctional antenna-on the MAC layer throughput later.
Note that inside the 3 dB-beamwidth;-the gains at different angles are not exactly
the same. Therefore, in calculating the outage probability, we need a more practical
antenna gain pattern of a sector. Furthermore, it is noteworthy that for 120° antenna,
the gain at the angle of 75° from the main lobe is only about 6 dB less than that
in the main lobe. Hence, the antenna gain outside the 3 dB beamwidth cannot be
totally neglected, which is especially important in evaluating the capture effect. The
impacts of an imperfect antenna on both outage performance and capture effect are

not fully considered in the current literature.

6.4 Cross-layer Throughput Analysis

In this section, we introduce a cross-layer analytical model to evaluate the through-
put performance for the CSMA /CA MAC protocol with capture effect and a practical

directional antenna. First, we derive the frame capture probability (pcq,) when mul-
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tiple users transmit frames at the same time. Then, we combine all the wireless
channel impacts, including the frame outage, the capture effect and the gain leakage
of a practical direction antenna, to evaluate the throughput of the CSMA/CA MAC

protocol.

6.4.1 System Model

Figure 6.2 illustrates an access point equipped with three directional antennas. A
user is usually connected to the sector antenna whose antenna gain is the largest
within a cell. In the figure, users A and B communicate with antenna S1, user D
communicates with antennas S2, and user C is with antenna S3.

Note that the three directional antennas can share one radio transceiver or can
be associated with three independent_radio transceivers. In the case with one radio
transceiver, the access pointiean communicate only with one user within a cell by
steering the antenna to receive and transmit the signal. On the contrary, in the case
with three radio transceivers, the access point simultaneously transmits data frames
to three users in three corresponding sectors..For example, if the access point equips
with three radio transceivers, users A, C, and D in the figure can simultaneously

transmit frames to the access point via antennas S1, S2, and S3, respectively.

6.4.2 Capture Effect

Capture effect is the phenomenon that a communication link is established in the
presence of other interfering users, while maintaining a satisfactory SINR. Since the
interference power is usually higher than the noise power, the signal-to-interference
ratio (SIR) is usually used when evaluating the capture probability.

Consider N users (labelled from 1 to V) that are sending the data frames to the
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Fig. 6.2: The coverage pattern of a tri-sector cell with three 120° directional antennas.
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access point. The total frame capture probability (pe.,(IN)) is defined as [146]

P
Peap(N)=Pr{ | —— > z [U---U

N N1 A ;
> P > B
i—2 i=1

(6.13)

where 2y is the required SIR threshold and P; is the interference power from user
i. Denote the frame capture probability of user “1” by peap1(/N). From (6.8), the
received power from user “1” and that from all the interfering users can be written
by P, = rf4G(01)10%y1 and %Pi = %7’;4G(9i)10%yi, respectively. Thus, it is
followed that - =

N
Peap1(N) = Pr {P1 > zozz%}
T
N.
L /e 4 G<92> §&i—¢&1
=Pr {yl >ZOZ<E) G(61>1O 0 9y .
=2

(6.14)

Represent r = (ro,--+ ,rn), @ =" (0,4 0y), and & = (&, - ,&y) the distance,
angle and the shadowing components between user i (i = 2,--- , N) and the access

point, respectively. The frame capture probability of user “1” for a given (r, 0, §)
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can be expressed as

pcap 1(N 7“17017€1|703 0 5)

/ /exp (—Zo Yyl

ey - - dyy

o exp( oo G (2) )

~dy -+ - dyn

_ ﬂ ! . (6.15)

4
; i G0:) (i
i=2 1+ 2010(5 61)/10G(91) (7”1)

Assume all the interfering users,are muniformly distributed in the cell coverage. Av-
eraging over r, 6, and &, phe capture.probability of user “1” (peap1(N,71,601,&1))
is

pcap,l(N7 1, 917 gl)

co mw 1

-/ // | 1
i—2 1 4 2910&—¢1) /loG )<ﬂ>_4

—oo —m 0

fr("“)fe(O)fs(ﬁ)drdBdS

- ]O / / 2, e 20 drydfyde,
21\ 270 - 1+2010§Z o G((gl))<ﬁ>—4}

T1

N-1

(6.16)
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To ease illustration, we denote the integral part of (6.16) by I(rq,0:,&), i.e

I(Th@hfl) =

-6_2%22 dr;d6;d&;
/// S 51G9)<ﬁ)_4} '

om0 27 270 - {1—1—2010 )

T1

(6.17)

Since users 1 to N are assumed to be uniformly distributed and P; are indepen-
dent with each other, it can be shown that the average per user capture probability
is the same for all users, i.e., Peapi(N) = Peap1(N) for i = 1 to N. Averaging over
r1, 01 and & in (6.16) to obtain the average per station capture probability peap.1 (V)
and then following the definition in (6.13), we can obtain the total frame capture

probability for N users pq,(IV,):as follows:

o0 «03dp, 1

e / / /pcap,1<N,n,el,&>-

—00 _63dB 0

fr (1) fo(01) fe(&1)dr1dO,dS,

oo “l3qB

/ /N (v 01, €)Y

—00 0‘3dB 0

i
2ry e 202
. dridf,d&; . 6.18
(293d3> V2o 1d6:dey ( )

Note that the integration over the distance in (6.17) and (6.18) takes into account

of the relative distance from users to the access point, which is in the range (0,1].
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According to [146], the integral in (6.17) can be simplified as

T 00 _i
e 202
I(T1,91,€1)=//m'

i—&1 G (0; 1
1—77 2'01051051 ( )‘arctan
G(0h) 2010 50

Then, applying the Hermite and Gaussian integration method of [142], the integrals
with respect to variables & and §; in (6.18) and (6.19) can be simplified by a weighted
sum of a function evaluated at some roots.

Furthermore, in (6.17) we also take into account of the interference from all
the users in all the three sectors. Because the gain at the angle outside the 3 dB
beamwidth cannot be neglected for a practical directional antenna, the interfering
users may also be located=in neighboring sectors. As shown in Fig. 6.2, users C
and D in sectors S3 and S5 may interfere user A in sector S;. Therefore, the first
integration of I(-) in (6.17)"needs to integrate from —= to 7, which is different from
the case in evaluating the outage probability in (6.14).

So far we only focus on the uplink analysis when a user sends packets to the ac-
cess point. The above analysis can be also extended to the the downlink transmission.
In the downlink case, N — 1 users are potential interferers. The capture probability

in the downlink case, p’cap(N ), can be expressed by

N —4
’ 20 T §&—¢&1
N)=P 2N (L) 10y 2
Peap( V) r{yl 7 G0 % () " y} (020

As seen from (6.20), the role of the directional antenna on the capture effect in the

downlink transmission is to increase the signal strength of the desired user. However,
in the uplink transmission, not only can the directional antenna increase the the
signal strength of the desired user, but suppress the interference from other users due

to smaller G(6;) in (6.14) as |6;| increases. Since p’cap(N) in (6.20) is a special case



113

of peap(N) in (6.14), hereafter we will only consider the capture probability in the

uplink transmission.

6.4.3 Probability of Packet Loss

Now, we investigate the impacts of frame outage and capture in the physical layer
on the performance of the CSMA/CA MAC protocol. According to [69], the backoff
process in the CSMA /CA MAC protocol are mainly characterized by the stationary
transmission probability (7) and collision probabilities (p.). To establish the cross-
layer interaction between the physical and MAC layers, the probability of packet loss
(pr) is introduced to replace p. in the pure MAC layer analysis. Specifically, py, is
equal to the sum of the frame outage and non-capture probabilities in the presence

of single and multiple users, respectively. That is, for N users, we can write

pr(N)= Pr{the channel is bad swhen only one user
intends for transmission } +
Pr {the signal of‘the desired user is not captured
in the presence of other interfering users}

N- 1( ) (1= )N (1= pap(i+1))

=1

+ (1 =), (6.21)

N-1
~ pcap Z ( ) 1 _T*)N—i—l

=1

+ (1 o T*)Nflpo
= (1= pap(N)) [1 = (1= 77|
+(1=7)""p, . (6.22)

As shown in Fig. 6.3, the total frame capture probability is insensitive to the number

of interfering users N as N increases. This phenomenon is also observed in [146-148|
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through simulations. Thus in (6.22), we assume that p..,(2) = -+ = DPeap(N) to
reduce the calculation complexity. In Section 6.5, we validate the accuracy of this
approximation by OPNET simulation tools.

At last, replacing p; with p. in (7.5), we rewrite the stationary transmission

probability (7*) in the PHY/MAC cross-layer analysis as

2
= . (6.23)

LW +pL<N>W§<2pL<N>>i

6.4.4 PHY/MAC Cross-layer Throughput

The PHY /MAC cross-layer throughput of the CSMA/CA MAC protocol in the com-
posite log-normally shadowed and Rayleigh fading channel can be obtained by mod-
ifying (6.4). Incorporating the frame outage probability (p,) and capture probability
(Peap) With the stationary transmission probability (7*) and its success probability (p?)
takes account of the physical layer impacts into calculating the MAC layer through-
put.

Consider N users served within an-access point. We define n as the effective
number of users served by one radio transceiver for an access point equipped with
multiple directional antennas. Note that n is dependent of the number of radio
transceivers in an access point with multiple directional antennas. For a tri-sector
cell, n = N when the access point has only one radio transceiver; while n = % if it
equips with three radio transceivers. Here, for simplicity, we neglect the contentions
from the stations outside the main lobe of a practical directional antenna.

Following (6.4), the throughput performance S(n) delivered by one radio transceiver
can be written by

pip3E[P]

S(n) = ,
() (1 =pi)o + pi (1 = p3)T. + pipiTs

(6.24)

where pj. = 1 — (1 — 7). Furthermore, in (6.24), p? is the successful transmission
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probability in a network, which is function of p.q, and p,, i.e.,

1
ps(n) = — - Pr {the transmitted frame is captured and
tr

not subject to outage}

1 * *\n—1
= 1—(1——7*)”[m (1 =7)"""(1 = po)+
> (i11) 07 ()
1 X w\n—1
~ m[m (1=7)""(1—=po)+
(1= (1 =7)"")peap(N)] - (6.25)

Note that the frame capture probability p..,(/N) has to consider the total interference
from all the sectors in an access point even when it is equipped with multiple radio
transceivers due to the leakage gain of a'practical directional antenna. As for the
throughput performance for'the particularuser: “i” (S(n, 1)), (6.24) still can be reused,

where the probabilities p} ~and pf(n) shall be changed to p;. = 7* and,
pt(n, e TP (1~ p)+
(=1 =) Dpeapa(N)] (6.26)
respectively. The capture probability peqp;(N) for user “i” in (6.26) can be obtained
from (6.16).

To summarize, the PHY /MAC cross-layer throughput of the CSMA/CA MAC

protocol can be calculated as follows:

1. Determine the required received SIR threshold (zp) in (6.11) and (6.14) for the
corresponding modulation and coding scheme. By choosing an appropriate zp,
the above analysis from (6.12) to (6.24) can be applied to the case with different

transmission rates.

2. Calculate p, and pe,(N) for the corresponding z based on (6.12) and (6.18),

respectively.
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3. Find the stationary transmission probability 7* by substituting py, of (6.22) into
(6.23), where p..,(N) and p, affecting py, are calculated in Step 2.

4. Determine the effective number of users n according to the number radio transceivers

in an access point.

5. Calculate the successful transmission probability p%(n) by substituting 7*, p,,

and peqp(N) into (6.25).

6. Obtain the throughput S(n) of a radio transceiver in a multiple directional
antenna system by substituting the stationary transmission probability 7% and

successful transmission probability p% into (6.24).

The above throughput analysis are suitable for two cases: 1) multiple directional
antennas sharing with one NAV.afid one'radio transceiver; and 2) multiple directional
antennas, each of which has an individual NAV and radio transceiver. It can be
applied to the case of multiple directional antennas sharing with one radio transceiver
and multiple DNAVs. Howevér; this-requires to model the dynamically changing
number of effective contending users when switching directional antenna to the desired
user based on the detail procedure of the DNAV-based MAC protocol. This is an
interesting research topic in the future, but beyond the current scope of this paper.
Nevertheless, we conjecture that the throughput of this DNAV-based MAC protocol
will fall between the case of using one radio transceiver with one NAV shared by

multiple antennas and that of using multiple radio transceivers with multiple NAVs.

6.5 Numerical Results

In this section, we present numerical results to compare the throughput performance
of the CSMA/CA MAC protocol in WLAN with and without radio channel impacts.

We consider a circular coverage area with the radius of 100 m and the shadowing
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standard deviation equal to 6 dB. In our evaluation, we choose the IEEE 802.11b di-
rect sequence spread spectrum (DSSS) mode for an access point with omni-directional
and directional antennas. Figure 6.1 shows the antenna gain patterns of the direc-
tional antennas, and Table 6.1 lists other system parameters in both the analysis and
simulation.

To demonstrate the channel impacts on the required capture threshold, two
different packet lengths are studied with the requirement of frame error rate (FER)
less than 8 x 1072 [12]. Table 6.2 lists the required received SNR, threshold (zq)
and the frame outage probability for the omni-directional, 120° and 60° directional
antennas, respectively. A smaller packet of 60 octets requires smaller z; and can still
achieve the same FER performance as the larger-sized 2,000 octet packet. Moreover,
comparing the frame outage probability for both the omni-directional and directional
antenna cases, one can find that the diréctional antenna can increase the received

signal power and therefore reduce [the frame outage probability.

6.5.1 Effect of Large Number of Contenders on Capture
Probability

Figure 6.3 shows the frame capture probability versus the number of contending users
with different capture thresholds, where the shadowing standard deviation is 6 dB.
We can observe that the capture probability is almost the same when the number
of contending users is more than 10. In fact, the phenomenon that the capture
probability is insensitive for a large number of stations N can be explained from the
derived analytical formulas (6.16) and (6.18). Based on (6.16), the per station capture
probability for user 1 (denoted by peap,1 (N, 71,61, &1)) decreases as the number of users
N increases since there are more interfering users. However, according to (6.13), as
N increases, the total capture probability for N users may also increase because all N
users’ signals are possibly captured. Combining both the impacts, the average total

capture probability p.q, (V) in (6.18) becomes insensitive to the number of users. This
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Tab. 6.1: System Parameters of the Performance Evaluation for the Single Channel

CSMA/CA MAC Protocol

MAC header 224 bits
PHY header 192 bits
ACK 304 bits
RTS 352 bits
CTS 304 bits
Bit rate 1Mbit /s
Propagation delay 1us

Slot time 20ps
SIE'S 10us
DIFSSY I, 50y
Minitmiin BBk low | 32
Max-ig-iumr baekeﬁ—%%age 3 )
Transrhig'si(;n pOowely P onsmit | 20 dBm
Noise powef, No -90 dBm

Tab. 6.2: Required SNR Threshold and Outage Probability for Different Packet Lengths
Antenna type

120°

Omni-directional 60°

0.000685
0.000861

Packet length 20
60 bytes -1 dB
2000 bytes 0dB

0.000226  0.0000896
0.000284  0.000113
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phenomenon is also observed in [146-148] by simulations. It helps us to reduce the

complexity in the proposed analytical model by using the approximation in (6.22).

6.5.2 Throughput Comparison for Different Approaches

Figure 6.4 compares the normalized throughput of the CSMA/CA MAC protocol
based on different approaches. One can see that for the case without capture effect,
the system throughput degrades severely when the number of users increases. This
phenomenon is because frame collisions occur more frequently. For example, when
the number of users increases from 50 to 100, the throughput decreases from 0.65
to 0.55. However, the throughput with capture effect only decreases from 0.75 to
0.65 when number of contenders increases from 50 to 100. Because the capture effect
increases the successful transmission probability, the frame collision problem can be
alleviated. Thus, the throughput performance can be improved, especially for large
number of users.

Note that the improvement resulted from the capture effect is not much when the
number of contenders is few?. In this situation.the concurrent transmissions are so few
that the performance improvement; duie to the capture effect is insignificant. However,
based on the previous approach in [80], the improvements resulted from the capture
effect seems too optimistic. Take N = 10 as an example. The throughput is about 0.8
in the case without capture, while the throughput based on the previous approach
in [80] is 0.94. This is because the capture effect and frame outage is inherently
assumed to be independent of the backoff window size in [80], thereby causing the
overestimate of the throughput performance. Based on our analytical model, the
throughput is 0.85 for N = 10, which provides a more reasonable evaluation.

Meanwhile, to validate the accuracy of our proposed analytical model, we also
use OPNET simulation to verify the throughput performance in the CSMA/CA MAC
protocol. In the simulation, the access point is located in the center of the cell, and

all the users are spatially and uniformly located in the cell with radius 100 m. All
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the users always transmit frames to the access point with frame length 2000 bytes. A
frame is successfully captured by the access point if the received SIR is larger than the
SIR threshold (zg). The other parameters used in the simulation are listed in Table
6.1. As shown in the figure, both the simulation and analytical results almost match
with each other, especially for a large amount of users. The discrepancy between the
analysis and simulation with small number of users results from the approximation in
(6.22). As shown in Fig. 6.3, the capture probability does not converge as N is small.
Thus, there exists a difference between the exact and approximation values. However,
the discrepancy between the analysis and simulation is small, and the developed model

still has a certain level of accuracy.

6.5.3 Effect of Shadowing on the Throughput Performance

Figure 6.5 compares the throighput for various shadowing standard deviations (o¢ =
2 and 6 dB) and SIR thresholds (2p:= 0.and 5 dB). As expected, the larger the
SIR threshold, the lower the throughput because a more stringent SIR requirement
results in more frame errors.and ‘higher frame outage probability. More interestingly,
as shown in the figure, the throughput seemingly does not depend on the shadowing
standard deviation. According to (6.24), the throughput S is determined by the
probability of successful transmission p? and stationary transmission 7%, both of which
are dominated by the capture probability. In [143,146-148], the authors were observed
that the capture probability is insensitive to the shadowing parameters but only
relates to the SIR threshold. Hence, the phenomenon observed in this paper regarding

the shadowing effect on the throughput performance can be justified.

6.5.4 Effect of Direction Antennas on Capture Probability

Figure 6.6 compares the capture probability of the WLAN system with omni-directional
and 120° directional antennas. Obviously, higher requirement on the received SIR de-

creases the capture probability for both the omni-directional and directional cases.
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However, for the directional antenna case, the coverage area of an access point is
divided into three sectors. Hence, the number of interfering users in a sector is less
than that in an omni-directional antenna case. As a result, for the same capture prob-
ability, the required SIR for directional antenna case is about 5 dB less than that in
omni-directional antenna case. The improvement for the capture probability between
omni-directional and 120° directional antennas approximates to the reduction ratio

for the number of users in one sector (i.e. 10log(3) =5 dB).

6.5.5 Effect of Directional Antenna on Throughput

Performance

Figure 6.7 shows how different kinds of directional antennas affect the throughput of
the CSMA/CA MAC protocol. We consider a tri-sector access point, and each sector
is equipped with a 60° or 1202 directional:antenna, respectively. In addition, two node
configurations in the access point are considered: one with a single radio transceiver
shared by three antennastand,thé“ether with three individual radio transceivers.
From (6.24), the throughput.performance S(n) counts the information bits delivered
by one radio transceiver. Thus, the performance in the figure for the multiple radio
transceivers case represents the throughput of a single sector; whereas for the single
transceiver case, it is the overall cell throughput.

For the case with one shared radio transceiver and the number of user N =
100, the normalized throughput is 66%, 70%, and 76% for omni-directional antenna,
120° and 60° directional antennas, respectively. Compared to the omni-directional
antenna, the interference imposed at the angle of the side lobe of an directional
antenna is lower due to a smaller antenna gain. Moreover, a directional antenna
usually has higher antenna gain in the main lobe than an omni-directional antenna.
Therefore, the throughput performance of an access point with directional antennas
is higher than the throughput over the omni-directional access point even with one

radio transceiver.
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Note that with three radio transceivers, the throughput of a single section can be
further improved to 83% and 85% for 120° and 60° directional antennas, respectively.
In the case of using multiple radio transceivers, the network is equivalent to one in
which the coverage is divided into multiple independent sectors, thereby lowering the
number of contenders per radio transceiver and decreasing collisions.

In Fig. 6.7, we also illustrate both the simulation and analytical results. In
the simulation, the access point equips with three directional antennas with the gain
patterns shown in Fig. 6.1. Due to the imperfect antenna gain pattern, in the
simulation, the users in the region outside the main lobe may contend with that
inside the main lobe; whereas the developed model neglects these users. Therefore,
the contentions from the users in the side lobe and back lobe result in the discrepancy

between the simulation and analytical results.

6.6 Conclusions

In this part, we demonstrate that-therthroughput of the CSMA/CA MAC protocol
is insensitive to the shadowing parameters but only relates to the SIR threshold. In
addition, directional antennas can improve the throughput up to 10% even with one
radio transceiver. If the access point can be equipped with one radio transceiver for
each directional antenna, the throughput of a single section can improve up to 20%
due to the improved SIR and fewer effective contenders. This work can be the basis
for some interesting research topics, such as the per station throughput evaluation or
the overall throughput of the multiple directional antennas with multiple DNAVs in

multi-hop networks.
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Chapter 7

Resource Partition for A Hybrid MAC
Based on Contention-oriented Cognitive
Multi-channel CSMA /CA and
Connection-oriented OFDMA /TDD

This chapter presents an analytical approach to determine the optimal number
of reserved sub-channels and time slots for the random access scheme in the multi-
channel contention-and connection-oriented MAC protocol, such as the OFDMA-
based TEEE 802.16e system. We formulate an optimization problem to maximize
the efficiency of the reserved radio resourdes while meeting the delay requirement for
supporting real-time applications. Tt is noteworthy that we consider a multi-channel
random access scheme based on the truncated binary backoff algorithm. Because mul-
tiple channels are reserved for conténtiomn; inlike the traditional carrier-sense multiple
access (CSMA) MAC protocoldn:IEEE 802:11 WLAN, the multi-channel random ac-
cess scheme can allow multiple users to access the sub-channels concurrently. More-
over, to resolve collisions during the contention period, the truncated binary backoff
algorithm is implemented in the IEEE 802.16e WiMax system to adjust the user’s
transmission time according to the number of collisions in his previous attempt. Based
on the proposed approach, performance enhancement can be achieved without chang-
ing the specifications of the IEEE 802.16e WiMax. To our knowledge, there have been
few reports on the performance analysis of this kind of multi-channel random access
scheme with the truncated binary backoff and its impact on the design of the optimal

number of the reserved sub-channels and time slots in the OFDMA systems.
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7.1 Motivation

Several previous studies have reported reducing access latency in the IEEE 80216e
WiMax system. The authors in [149] suggested a method to simplify the conventional
network entry/re-entry process. In [150], a new contention resolution algorithm was
proposed for the multi-channel random access in OFDMA systems, in which data
are transmitted at abundant sub-channels so that collisions and access delay are
decreased. In [151,152], a new set of orthogonal signals were designed to reduce
the number of attempts for ranging, i.e., adjusting the uplink transmission power
and timing. In [153], the authors suggested a sub-carrier permutation algorithm to
improve the link reliability and to decrease the number of retransmissions. It seems
that most of the aforementioned approach may require modifying the specifications

of the current IEEE 802.16e WiMax systeém.

7.2 Background

7.2.1 Frame Structure and Link Establishment Procedures

in the OFDMA-TDD Mode

Figure 7.1 illustrates the frame structure in the IEEE 802.16e OFDMA-TDD mode.
As shown in the figure, a frame consists of two portions: the downlink and uplink sub-
frames. A downlink sub-frame starts with preamble symbols followed by downlink
map (DL-MAP) and uplink map (UL-MAP), which are used to inform the users of
their allocated sub-channels and time slots for downlink and uplink transmissions,
respectively. Next, downlink data are transmitted at allocated sub-channels and
time slots. After an additional transmit/receive transition gap (TTG), the ranging
and bandwidth request as well as users’ data are transmitted in the uplink direction

according to the UL-MAP. After a receive/transmit transition gap (RTG), the same
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procedures are repeated for another pair of downlink and uplink sub-frames.

The IEEE 802.16e WiMax system adopts a connection-oriented MAC protocol.
In this kind of MAC protocol, mobile stations must make a reservation with the base
station before transmitting data. Consider the uplink transmission first. In Fig. 7.1,
with packets ready to send in the uplink sub-frame k, mobile stations first transmit
bandwidth requests to the base station at the reserved ranging/bandwidth request
sub-channels. Receiving these requests, the base station allocates the sub-channels
in the UL-MAP of the next downlink sub-frame k + 1. In the downlink case, the
base station negotiates the QoS requirements by using the dialog of dynamic service
addition/change (DSA/DSC) messages on the mobile station’s basic connection iden-
tifier (CID). After receiving the grant from the mobile station, the users’ data are
transmitted at the reserved sub-channels and time slots according to the DL-MAP.

To summarize, the base station coordinates the frame transmissions of all mobile
stations in both the uplink.and[downlink based on the bandwidth request procedures
and DSA /DSC dialog. However, a certain amount of resources must be reserved for
the bandwidth request precedureramd -Tanging in the network re-entry process, in
which the mobile stations contend with-each other. Thus, we must determine how
large a chunk of sub-channels and time slots should be reserved for mobile stations
to send the messages of bandwidth request. In the next section, we will formulate an

optimization problem to design these parameters.

7.2.2 Multi-channel Random Access Protocol with Collision

Avoidance

To transmit the initial ranging and bandwidth request messages, the IEEE 802.16e
WiMax system adopts the multi-channel random access with the truncated binary
exponential backoff algorithm [154,155]. This backoff algorithm is used to resolve the
contentions between mobile stations in the process of random channel access. For a

given initial backoff window size, a mobile station first selects a random number of
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time slots smaller than the backoff window size. It is implied that a mobile station
defers its transmission until the end of the selected time period. After waiting for
this period, the mobile station randomly selects sub-channels and sends the band-
width request and the ranging request (RNG_REQ) frames. Once the base station
successfully receives the request, it allocates the sub-channels and time slots for the
new connection in the next DL-MAP or UL-MAP, as shown in Fig. 7.2(a). However,
as shown in Fig. 7.2(b), collisions may occur when the bandwidth/ranging request
frames are transmitted. If the base station fails to response the bandwidth/ranging
request frames after a timeout duration, 7},, or Tiy, rq, the mobile station doubles
its backoff window size and repeats the aforementioned procedures until reaching the
maximum number of transmission attempts. Here, T}.,4 or Ty, ., are defined as the
waiting periods for the ranging response (RNG_RSP) frame and the bandwidth grant
frame, respectively.

For clarity, we explain the difference of the multiple-channel random access
MAC protocol with collisionavoidance used in the IEEE 802.16e WiMax system
and the CSMA/CA MAC protoceltised in the IEEE 802.11 WLAN system. Unlike
the CSMA /CA MAC protocol; the basestation in the IEEE 802.16e WiMax system
is capable of receiving the requests from multiple mobile stations at the same time
since the mobile stations can transmit at different sub-channels. In this case, a
frame collision occurs when more than one station accesses at the same chunk of

sub-channels and time slots.

7.3 Resources Partition Optimization

Now we formulate an optimization problem with the objective of maximizing the
efficiency of the reserved chunk of sub-channels and time slots for random access
subject to the delay constraint of supporting real-time services. Intuitively, reserving

more radio resources for random access can yield shorter access latency due to fewer
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collisions. However, it also leads to more idle radio resources. With the optimal
numbers of reserved sub-channels and time slots for random access, we can optimize
radio resource partitioning for the time-division OFDMA system.

The above optimization problem can be solved by a mixed-integer nonlinear
programming (MINLP) technique. Define the efficiency 1 as the ratio of the reserved
chunk of sub-channels and time slots on which bandwidth request and ranging re-
quests frames are successfully transmitted over the total reserved radio resources.
Denote r and m as the numbers of the reserved sub-channels and time slots for ran-
dom access, respectively. It will be shown later that the considered efficiency 7 is
a non-linear function of r and m as well as the number of mobile users (denoted
by k). With the above definitions, a MINLP optimization problem is formulated to
maximize the efficiency 7(r,m, k) by determining the optimal values of r and m for
a given k, i.e.,

MAX n(r,ms k) | (7.1)

subject to the following constraints:

a) r < Ng
b)  m< N

c) D(r,m,k) < Dyas -

Later in Section 7.5, we will find that the maximization of the efficiency 7 is equivalent
to the optimization of the reserved resources left for the data transmission.

Clearly, both integers r and m are constrained by the total number of sub-
channels in the frequency domain (Ny) and the total number of time slots in the time
domain (N;). Furthermore, to support the delay-sensitive services, the access delay
D of sending the bandwidth request and ranging request frames is required to be
shorter than the pre-defined maximal delay (D,,..). Note that the access delay D is
a continuous value and is a nonlinear function of 7, m and k. Since both 7(-) and D(+)

are nonlinear functions of r, m, and k, and conditions a), b) and c¢) are the constants
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for both the discrete and continuous values, (7.1) becomes a MINLP optimization
issue. The next important step to solve the above optimization problem is to derive

n(r,m, k) and D(r,m, k), which will be discussed in the next section.

7.4 Analysis

Now we develop the analytical models for the average access latency and the spectrum
efficiency for random access. It is assumed that each mobile station always has frames
to send, and collisions occur when more than one station access the same sub-channel

and time slot.

7.4.1 Efficiency of Reserved Radio Resources

Denote N, as the number of sn¢eessfully transmitted bandwidth and ranging requests
during one uplink sub-frame, and N as that during one time slot. It is assumed that
each request asks for a chunk of one. time slot at one sub-channel. Then, based on the
previous definition, the average spectrum efficiency 7 of the reserved radio resources

for random access can be expressed as

n(r,m,k) = EL]\;S] (7.2)
_ mEN o

where m and r are the numbers of reserved time slots and sub-channels for random
access. According to the random access procedure in the standard, it is worth to note
that the contention at each time slot and sub-channel is independent to the others.
Denote T' as the event that at least one mobile station transmits in a time slot
and the probability of event T is equal to Pr = 1— (1 —7)*, where 7 is the probability

that a station transmits a frame in a given time slot. Thus, it follows that

E[N!] = Py - E[N!|T] . (7.4)
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Given W the average backoff time slots that a mobile station defers before each
transmission attempt, the transmit probability 7 that a station transmits a request

in a reserved slot can be expressed as

Note that based on the random access procedure in the standard, the backoff count is
decreased by one for each reserved slot in a frame, while it is frozen in the other slots
of a frame and continues to count down in the next frame. Therefore, the transmit
probability 7 is equal to the inverse of the average backoff counts because both of
these factors only consider the reserved slots instead of the whole of a frame.

Then, let W,,;, and f be the initial backoff window size and the maximum num-
ber of transmission attempts, respectively. Because the users with colliding frames
double their backoff window sizés 1n the next transmission in order to avoid collisions,

the average number of backoff slots for, the i-th retransmission W; can be written as

g 1

W= 7 , (7.6)

for i = 0,---,f. Given T, the timeout duration?, a station has to defer an extra
duration of m[T,/Ty] slots before the retransmission according to the random access

procedure. With the random backoff time slots W; for the ¢-th retransmission, the

4 The timeout duration T, for the initial ranging request is different from that of the bandwidth
request. As specified in the standard, T, = 10 and 200 msec for the bandwidth request and initial

ranging, respectively.
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average backoff slots W then becomes

- T
W(m) = (1= p)Wo + pe(1 — pe) (W3 +m[Tj )+
T, T,
+pl (1= po)(Wy +m2) + pi T (W +m=2)
Ty Ty
1 T, T,
= (z+m[=]) [(1=p)A+pet--+pl)+pl] —m[2](1 —pe) +
2 T; T;
;“’” (1= pe)(L+2p. + - + (2p)) + pe(2pe)’]
- 1 TO Wmm 1— DPec — pc<2pc)f
= 2+m[Tf1p+ 5 2 , (7.7)

where p,. is the collision probability, which is defined as the probability that more
than one station transmit frames at the same sub-channel and time slot given that
a station transmits. Assuming that each station randomly selects one of r reserved
sub-channels to access with thesprobability 1/r, the collision probability p. can be
written by

Pe =
r T

(2 1) {1 et

- ("7 )ra- - a-

RS

b | 1>T(1 E (k ) 1)72(1 S (L )

+

E

- ]
%

- 1-(1— ;)’H . (7.8)

Note that in (7.7), p.(1 — p.) represents the success probability for the i-th retrans-
mission. Thus, the transmission probability 7 can be obtained by jointly solving (7.5)
~ (7.8).

In addition, because each station has the probability % to access one chunk of the
reserved sub-channel and time slot, the average number of successful transmissions for
the initial ranging or bandwidth request given at least one station transmits E[N|S]

becomes

EIN/|T] = Pis . r<’;’) Ta- Ty (7.9)
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By substituting (7.4) and (7.9) into (7.2), the efficiency n of the reserved radio re-
sources is given by

) — k7—<m) (1 . T(m) )k—l '

T r

(7.10)

n(r,m,k

7.4.2 Average Access Latency

As defined previously in Section 7.3, the average access latency D is equal to the
overall duration that a mobile station waits until successfully transmitting a band-
width /ranging request frame. Given the average number of overall slots E[Wp] before
a successful request transmission and the frame duration 7%, the average access la-
tency D can be written as

D= [%w Ty . (7.11)

m

Here, we only count the latencytin termis,of frame duration because the slot time is
much shorter than a frame duration.

Suppose that each bandwidth /ranging request frame transmission only occupies

one reserved slot in a frame: Then; considering the collision probability p., the average

backoff slots at the i-th retransmission Wi and the timeout duration 7, the average

overall backoff slots E[Wp] given the request is successfully transmitted is equal to

E[Wp] £ El[the total number of the required slots for a successful transmission

|the request is successfully transmitted]

1.
= W + Wi +m[=1)pe 4+
0 (W (TfW)p
success at the first attempt > ~- d
success at the second attempt
T, T p!
Wy —2Nplt W — ¢ 7.12
(Wy 1+m[TfT)PC + f+m(TfD1—pc (7.12)
success at the f-th attempt  success after the f-th attempt
1_20 1+szn _'_Wm'mcl_ch To c
(1 —2p.)( ) pe(l — (2pc) )er[_1 p (713)
2(1 —2p.)(1 — pe) Ty 1 —pe

By substituting (7.8) and (7.13) into (7.11), the average access latency D can
be obtained. Note that the collision probability p., as shown in (7.8), is affected by
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the number of reserved sub-channels . Thus, the average overall slots E[Wp| and

access latency D are also the functions of 7.

7.5 Numerical Results

In this section, we investigate the effectiveness of the proposed radio resource partition
technique to determine the optimal number of reserved sub-channels and time slots for
random access in the time division OFDMA system. Referring to the IEEE 802.16e
WiMax system, we consider the following parameters, including an uplink sub-frame
with 70 sub-channels and 48 time slots, frame duration Ty = 5 msec, the bandwidth
request and initial ranging timeout duration 10 and 200 msec, respectively. Other

related system parameters are listed in Table 7.1.

7.5.1 Performances of Default Radio Resource Partition

First, we evaluate the performance ofan OFDMA system with the parameters listed in
Table 7.1, in which one and six sub-channels as well as three time slots are reserved for
the random access. According to (7:10); the efficiency of the reserved radio resources
for the random access versus various numbers of stations is plotted in Figs. 7.3(a)
and (b). From the figures, the highest efficiency of the reserved random access radio
resources occurs for the number of users k£ = 85 and 160 when r = 1 and 7, = 10 and
200 msecs, respectively. This phenomenon can be explained by two factors. On the
one hand, when the number of stations is smaller, the reserved radio resources are
more likely to become idle and thus the efficiency decreases. On the other hand, as the
number of station increases, the contentions among users result in more collisions and
reduce the efficiency. Thus, there exist an optimal number of stations to achieve the
maximum efficiency for various timeout values. Similar results can also be observed
in the multi-channel case.

Furthermore, Figs. 7.3 (a) and (b) also show the difference between the single
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Tab. 7.1: System Parameters of the Performance Evaluation for the Multi-channel Random

Access with Truncated Binary Exponential Backoff

Frame duration, T 5 msec
Timeout duration for the bandwidth request | 10 msec
Timeout duration for the initial ranging 200 msec
Initial badkoff window §ize, Wi, 16
Maximu}n: transﬁ;isézigh :atti;npts, f 7
Nﬁmbe_rio_f r'szc-atiorzls, k‘ 100
Default niﬁnzlbéf"'of f'es-::e"rye:dr_: time slots 3
Default number ref resorved sub-channels 6
Maximum number of reserved time slots 48
Maximum number of reserved sub-channels 70
VoIP delay constraint, D,,q, [156] 25 msec
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Efficiency of the reserved radio resources based on the multi-channel random access

MAC protocol with three time slots per frame and one/six sub-channels to send

bandwidth/ranging requests in an OFDMA system by simulation and analysis.
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and multiple channel random access. Interestingly, one can observe that the multi-
channel random access has slowly increasing efficiency as the number of stations grows
compared to the single channel case. This phenomenon results from the abundant
reserved resources for resolving the contentions so that the system is capable of ac-
cepting more contentions among stations. Nevertheless, its payoff is the low efficiency
of the reserved resources for the case of few stations due to the wasted sub-channels.

Next, based on (7.11), Fig. 7.4 shows the average latency of the multi-channel
random access MAC protocol in the OFDMA system for various numbers of stations
and timeout values. Consider the delay constraint D,,,, = 25 msec for supporting
real-time services. Subject to the above delay requirement, the system can support
only up to 25 stations sending the bandwidth request based on the default partition
scheme, i.e. three sub-channels and six time slots are designated for random access out
of the total 70 sub-channels and'48 time slots. As for the initial ranging transmission,
the system with the default:partition scheme cannot satisfy the delay constraint due
to the long timeout durafion before ‘any retransmission. Clearly, the more radio
resources reserved for the random-aecessthe shorter the access latency because of the
less retransmission. However, from the figure, only one partition scheme can satisfy
the delay requirement for real-time services. Therefore, it is necessary to investigate
some alternative resource partition schemes through the presented analytical models
for the efficiency and access delay of the multi-channel random access MAC protocol

in the OFDMA system, which will be discussed next.

7.5.2 Performances of Alternative Radio Resource

Partitions

In Fig. 7.5, we investigate the effects of various numbers of sub-channels r and time
slots m on the efficiency of the reserved radio resources based on the multi-channel
random access MAC protocol in the considered OFDMA system with 100 stations.

We have the following two observations:
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Average latency of the reserved radio resources based on the multi-channel random

access MAC protocol with three time slots per frame and one/six sub-channels

to send bandwidth/ranging requests in an OFDMA system by simulation and

analysis.
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e Asshown in the figure, the efficiency of the reserved radio resources is monotonously
decreasing as the number of the reserved time slots or sub-channels in a frame
grows. This is because too many reserved radio resources may cause them stay-
ing idle. For example, when the number of reserved slots m = 3, the efficiency
1 for the number of reserved sub-channels » = 1 ~ 50 decreases from 0.37 to
0.15. Similarly, as » = 6, n = 0.35 ~ 0.3 for m = 1 ~ 48. The phenomenon
of monotonously decreasing efficiency with the increasing number of reserved
sub-channels represents that the maximization of efficiency performance is also
to optimize the reserved resources left for the data transmissions for the given
access latency requirement. Thus, although we aim to maxize the efficiency
by adjusting the numbers of reserved sub-channels and time slots, this prob-
lem is also an optimization problem for the reserved resource left for the data

transmission.

e Furthermore, as shown in the figure, the efficiency of the reserved radio resources
seems to be more sengitive to the changes 6f the number of reserved sub-channels
in the frequency domain than that of thie number of reserved time-slots in the
time domain. We will try to explain this situation by investigating the effect of
the reserved radio resources in the frequency and time domains on the collision

probability of the multi-channel random access MAC protocol next.

By means of (7.8), Fig. 7.6 shows the effects of various reserved sub-channels
and time slots on the collision probability of the multi-channel random access MAC
protocol in the considered OFDMA system with 100 stations. Clearly, reserving more
radio resources for random access can yield a lower collision probability. However, it is
interesting to investigate in which domain of the OFDMA system, frequency domain
or time domain, is more effective in improving the efficiency and latency performances
for the system adopting the multi-channel random access MAC protocol. As shown
in the figure, increasing the number of the reserved sub-channels r can reduce the

collision probability more effectively than changing the number of reserved time slots
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of the multi-channel random access MAC protocol in the considered OFDMA

system with 100 stations.
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m. For m = 6, changing r = 6 to 48 can lower the collision probability p. from 0.64 to
0.17. By contrast, the collision probability p. decreases from 0.49 to only 0.4 when m
changes from 2 to 48 for » = 6. By comparing (7.8) and (7.10), one can easily see that
a lower collision probability leads to a higher efficiency for the reserved random access
radio resources. Hence, from Fig. 7.6, one can explain why in Fig. 7.5 changing the
amount of reserved radio resource for random access in the frequency domain of the
OFDMA system can more significantly affect the efficiency than in the time domain
of the OFDMA system.

Figure 7.7 illustrates the effects of various reserved sub-channels and time slots
on the average latency of the multi-channel random access MAC protocol in the
OFDMA system with 100 stations. In contrast to the phenomenon observed in Fig.
7.5, the number of the reserved time slots dominates the latency performance com-
pared to that of the reserved sub-channels., For example, the access latency for r = 6
decreases from 95 msec to 10 mseclas m changes from 2 to 48. On the contrary, when
r increases from 2 to 50 , fhe latency for m =6 is reduced only from 95 msec to 20
msec. Intuitively, the more.reseryedtimeslots help stations to resolve the contentions
earlier and to send the request in.the prior-frame. Although, from (7.11), increasing
the number of reserved sub-channels can lower the collision probability, it is not as
effective as increasing the time slots from the aspect of reducing the access latency
because the station waits more frames to count down the backoff slots in the case of
few reserved slots. Notably, it is important to combine Figs. 7.5 and 7.7 to determine
a set of (r,m) with the maximum efficiency and satisfactory delay performance. For
the case k = 100 and T, = 10 msec, (r,m) = (2,29) can achieve the highest efficiency

under the constraint of D,,ax = 25 msec.

7.5.3 Performance of Optimum Radio Resources Partitions

Now we apply the systematic MINLP optimization approach introduced in Sec-

tion ??.B to determine the optimal values of (r*,m*), which represent the sub-
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Tab. 7.2: Optimal parameters values for bandwidth request transmissions (7,=10 msec)

Number of Number of Number of
stations reserved sub-channels
10 1
30
1
2
150 2
200 38 3
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Tab. 7.3: Optimal parameters values for initial ranging transmissions (7,=200 msec)

Number of Number of Number of
stations | reserved time slots | reserved sub-channels
10 20 1
30 30 2
50 34 3
100 40 5
150 43 7
200 40 10

channels and the time slots reserved for random access in the frequency domain and
the time domain of the OFDMA system, téspectively. In the previous subsection, an
exhaustive search method i§ used to:find the optimal (r*, m*) for the number of users
k = 100. According to (7.1), Tables 7.2 and 7.3 list the optimal (r*,m*) for T, = 10
msec and 200 msec with an‘objective 'of maximizing the efficiency of the reserved sub-
channels and time slots for random-ageess‘in the considered OFDMA system subject
to the constraint of D, = 25 msec, respectively. For k£ = 100 and T, = 10 msec, the
optimal (r*;m*) = (2,29) obtained by the suggested MINLP optimization approach
is the same as that obtained by the exhaustive search method. Once the optimum
(r*, m*) for various numbers of mobile stations is generated off-line and stored into a
table, the base station can dynamically adjust the reserved radio resources for random
access to enhance the performance of the OFDMA system.

Furthermore, from the optimal values shown in Tables 7.2 and 7.3, we can infer
that the system rather reserves the more time slots than the sub-channels to meet the
delay requirement for real-time applications. Although both sub-channels and time
slots are used to resolve the contentions among users, the more reserved time slots

let the station wait fewer frames to send the request. Thus, the access latency can



151

be easily satisfied the delay requirement. Despite the excess reserved sub-channels
cannot be used to lower the waiting time due to the backoff before the transmission,
the number of sub-channels is still the dominating factor to reduce the collisions
among users and to decide the system capacity.

Figure 7.8 compares the efficiency of the reserved radio resources for random
access and the access latency of the considered MAC protocol according to the above
optimal radio resource partition scheme of Tables 7.2 to that according to the default
partition scheme (r,m) = (6, 3) in the case of T, = 10 msec. Figure 7.9 also illustrates
the same comparison according to Table 7.3 for T, = 200 msec. As shown in Figs.
7.8 (b) and 7.9 (b), unlike the default partition that can meet the delay requirement
of Dyner = 25 msec only for the bandwidth request transmission and the number of
users k < 10, the proposed optimum resource partition scheme can satisfy the delay
requirement with k£ up to 200.+For both cases of T, = 10 and 200 msec, the efficiency
of the reserved radio resouice baséd on the optimal partition scheme is significantly
higher than the default partition scheme especially for the case of few contending

stations.

7.6 Conclusions

In this part, we have derived the analytical expressions for the efficiency of the re-
served resources and the latency of the contention-based multi-channel random access
MAC protocol. Based on the developed analytical models, we evaluated the impact
of the number of reserved sub-channels and time slots on the efficiency and latency
performances of the OFDMA systems using the contention-based MAC for link es-
tablishment. From the efficiency standpoint, we find that the number of reserved
sub-channels is a more dominant factor than the number of of reserved time slots.
From the latency viewpoint, however, the number of the reserved time slots becomes

a dominating factor instead.
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By using both exhaustive and the proposed MINLP optimization approaches,
we also have discussed how to find the optimal partition scheme, in which r* sub-
channels and m* time slots are reserved for random access during link setup process.
It is shown that with the optimal (7%, m*) the efficiency of the reserved radio resources
can be maximized regardless of the number of contending users, while still satisfying

the delay requirement of real-time services.
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Chapter 8

Conclusion

In this dissertation, we have investigated three important issues for the cogni-
tive radio network: wideband spectrum sensing, the cognitive MAC protocol and the
spectrum handoff mechanism for the link maintenance. For the first issue, we sug-
gested the new point of view from the location awareness to aid the spectrum sensing.
Then, we designed an enhanced CSMA /CA based MAC protocol for CR devices. At
last, we discussed the link maintenance probability and effective data rate of the two
spectrum handoff schemes for the link maintenance. Furthermore, we also developed
a cross-layer analysis to investigate thé throughput, delay and resource usage effi-
ciency for single and multiple channels CSMA/CA MAC protocol. This dissertation

includes the following research topics.
e Location-aware Concurrent:Transmission
e Neighbor-aware Cognitive MAC Protocol
e Spectrum Handoff for Link Maintenance
e Cross-layer Analysis for Single Channel CSMA /CA
e Cross-layer Analysis for Multiple Channels CSMA /CA
The contribution from these research works are list as follows.
1. Investigate the feasibility of location aided spectrum sensing.

2. Dimension the concurrent transmission region where the CR device can establish

the concurrent transmission with the legacy system.
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3. Design an enhanced CSMA/CA MAC protocol with QoS provisioning for CR

device.

4. Study the link maintenance probability and effective data rate for two spectrum

handoff schemes.

5. Provide the design guide of system parameters for CR devices to perform the

spectrum handoff.

6. Develop the cross-layer analytical models for the single and multiple channels

CSMA /CA MAC protocols.

7. Inspect the impacts of capture effect, multipath fading, shadowing, directional
antennas and multiple transceivers on the throughput performance of CSMA /CA

MAC protocol.

8. Optimize the reserved resources for contention-oriented multi-channel CSMA /CA

MAC protocol.

In the following, we summarize the results from the above contributions.

8.1 Location-aware Concurrent Transmission

In summary, the results presented in this part provide a design paradigm for cogni-
tive radio systems from an alternative perspective — identifying spectrum opportunity
cannot just rely on wide-band spectrum sensing techniques. Location awareness also
provides another important resource to help a cognitive radio system identify the
opportunities of concurrently using the spectrum of the primary user in the spatial
domain, instead of just sharing the spectrum in the time domain. It is hoped that our
work has shed some light in this promising area of research. Nevertheless, there are
still many unsolved open issues to realize the idea of exploiting the concurrent trans-

mission opportunity by taking advantages of location awareness. Many interesting
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research topics, including the concurrent transmission MAC protocol design, the effi-
cient mechanism of location information exchange, and the theoretical upper bound
on the maximum concurrent transmission links overlaying the legacy infrastructure-

based systems, are worthwhile to be investigated further.

8.2 Neighbor-aware Cognitive MAC Protocol

In summary for this part, taking advantages of the obtained information in the ob-
serve stage of the cognition cycle, the proposed cognitive MAC protocol can avoid
interfering the primary user. We also show how to utilize the collected informa-
tion for other performance enhancements: (1) to increase the throughput for the
contention-based channel access protocol; (2) to schedule the transmission of delay-
sensitive frames with QoS provisioning: (3) to distributively synchronize the trans-
missions among ad hoc CR users. With suggested moderate modifications, the legacy
CSMA /CA MAC protocol:ean be reshaped to an appropriate MAC protocol for over-
laying CR ad hoc networks. Although-the results are appealing, the proposed mech-
anisms just shed some lights'm the direction of designing a cognitive MAC protocol,
but by no means an optimal solution. For example, the current proposed cognitive
MAC protocol only takes advantage of spectrum opportunity in terms of time. Thus,
one interesting open issue that can be extended from this work is to develop a mech-
anism to identify spectrum opportunity in terms of both location and time and to

develop an associated space-time-cognitive MAC protocol.

8.3 Spectrum Handoff for Link Maintenance

In this part, we have inspected the three possible transmission scenarios for CR devices
when the primary users appear on the occupied channel. In the non-spectrum-handoff

scenario, the secondary user stays in the original channel and resumes its transmission
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after the primary user leaves the channel. The pre-determined channel list spectrum
handoff scheme establishes a channel list, and the CR device changes the channels
following the sequence to continue its transmissions. As for the spectrum handoff with
sensing scheme, the secondary user senses and determines the target channel only
when the primary user interrupts its transmissions. We also developed an analytical
mode to investigate the performances of the link maintenance probability and the
effective data rate of the secondary user for the three transmission scenarios. At last,
based on the model, we investigate the impacts of the error sensing probability, the
radio sensing time, the number of handoff trials, the frame error rate of the secondary
user’s transmission and the handoff time on the performances of spectrum handoff.
Furthermore, through this model, we can design appropriate system parameters for

the CR device to perform the spectrum handoff.

8.4 Cross-layer: Analysis for Single Channel
CSMA /CA

In this part, we have developed a BHY/MAC cross-layer analytical model to take
account of the physical layer effects, including the capture effects and a practical di-
rectional antenna, into the throughput evaluation of the CSMA/CA MAC protocol.
We have derived explicit expressions for the frame outage and capture probability of
a directional antenna system in the presence of log-normal shadowing and multipath
Rayleigh fading. We integrate this PHY layer model with the MAC throughput an-
alytical model of the CSMA/CA protocol. We find that it is crucial to incorporate
the channel effects into both the stationary transmission probability and the backoft
window size of a station. By doing so, we can model the interaction of the physi-
cal layer effect and the MAC layer throughput more accurately. Through OPNET
simulations, we verify the accuracy of the proposed PHY /MAC cross-layer analytical

model.
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8.5 Cross-layer Analysis for Multiple Channels
CSMA /CA

In this part, based on a multi-channel random access MAC protocol with a collision
avoidance binary bacoff algorithm, we formulated a MINLP optimization problem to
determine the most suitable number of sub-channels and time slots that should be
reserved in the frequency and time domain of the OFDMA system for sending the
bandwidth/ranging requests. The objective of the proposed optimization issue is to
maximize the efficiency of the reserved radio resources under the delay constraint of
supporting the real-time services.

We derived the analytical expressions for the efficiency of the reserved resources
and the latency of the contentionsbased multi-channel random access MAC protocol.
Based on the developed analytical;meoedels, we evaluated the impact of the number
of reserved sub-channels and time slots.on the efficiency and latency performances of
the OFDMA systems using the, contention-based MAC for link establishment. From
the efficiency standpoint, we' find that the number of reserved sub-channels is a more
dominant factor than the number of of reserved time slots for the considered OFDMA
system. From the latency viewpoint, however, the number of the reserved time slots
becomes a dominating factor instead.

There are many interesting research issues that can be extended from this work
for further investigation. Specific issues include the impact of the physical layer
channels on the contention-based multi-channel random access MAC protocol with
collision avoidance, the impact of the co-channel interference on the performance of
the contention-based multi-channel random access MAC protocol, and joint resource

partition and allocation issue for OFDMA systems.
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8.6 Suggestions for Future Research

In this dissertation, we have discussed some preliminary issues for cognitive radio.
Other possible interesting research topics that can be extended from this dissertation

are listed as follows:

¢ Wideband spectrum sensing:

1. Extend the system with multiple secondary links coexisting with the pri-

mary user’s connection.

2. Develop the CR-enabled location exchange mechanism and ad hoc posi-

tioning system.

e Cognitive MAC protocol:

1. Develop an accurate spectrum usage model to characterize other sophisti-

cated non-TDMA-based legacy systems, e.g. [S-95 and WCDMA system.

2. Design the multiple channels'cognitive MAC protocol that enables the CR

device to transmit data oven various number of idle channels.

e Spectrum handoff:

1. Investigate the impacts of the primary user’s traffic and the contentions
among secondary users on the link maintenance probability and effective

data rate.

2. Design a notification mechanism using inband signaling to let secondary

users acknowledge the presence of primary users.

A famous slogan by a worldwide communication company is said, “human tech-
nology”. Through the CR technique, we believe that the dream of freely connecting

people anywhere anytime is no longer an impossible mission but will be come true in
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the near future. After all, the development of technology is to satisfy the need that

people want.
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Appendix

A.1 Derivation of (3.4)

The region R(Cu% shown in (3.4) is composed of three sections with the areas of (-2 )2,
Za

Ay, and As. Figure A.1 shows all the parameters used in deriving the area of A; and
Ay in (3.5) and (3.6), respectively. In (3.5), the section A; is composed of two fan-

shaped areas with the measures of (-22%)?(7 — ¢’) and R0, and two identical triangles

with the lengths of R, 79, and 42 where

T/as
Za/a

2 2 da3
_1R +r; —

0 — Za Al
cos s , (A1)
rah (8 )° — R?
6 = kosh: N : (A.2)
27"2(z12/%1>

A = \/s(s =R)(s =12)(s — dli/i) : (A.3)

and

R+ry+ 42

i Ad

Similarly, in (3.6), the section A, is also made up by two fan-shaped areas with

the measures of (<25)2%¢ and (rsz/®)%¢/, and the triangle with the lengths of ro,

e
1/a
%

. and 922 where

r3z 1/a
Za

B+ () - ()

_ -1 Za
¢ = cos o) : (A.5)
1/« >
) 3 () — ()2 "
= cos , .
27"2(7“3/21-1/&)
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and
T2 -+ 7“327;1/& + dlL/ga
s = 5 - (A.8)

A.2 Derivation of (3.10) and (3.11)

The distances between the base station to the intersections by the two circles with

/1
/% and ryz

the radii of r3z,' “ and centered at (rs, 03) and (rs,63) are denoted by r*
and r~, respectively. Given the locations of intersections (z,y), they can be obtained

by jointly solving the equations as follows:

(x — 7’200392)2 + (y - 7”282'7192)2 = (7”22’21/&)2 3 (A.9)

(z — r3cosl3)% sk (g — r3sinfs)? = (7’3zf11/o‘)2 .

The distances between the base station and the intersections r™ and r~, respectively,

shown in (3.10) and (3.11):can be obtained by solving the locations (z,y) from (A.9).

A.3 Derivation of (3:13)

In the infrastructure downlink case, when max(r*,r~) < R, the region R(Cd% is
composed of three sections with the areas of 7T(d23z21/a)2, Ay, and A,. Figure A.2
details the parameters used to calculate the areas of these sections in (3.14) and
(3.15). In (3.14), the region A; is made of two fan-shaped areas with the measures of

(rozi/®)2(x — #') and R?6, and two identical triangles with the lengths of R, 75, and

1/«
rgza/ , where

L R*+12— (rngll/a)

0 = cos s : (A.10)
0 = cos! ks (rZZgl/a)Q — (A.11)
27“2(7‘22';1/&) ’ '

A = \fs(s— R)(s —r)(s — rastl/) | (A.12)
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Fig. A.1: Definition of parameters in the calculation of the area of region R(Cu% in the in-

frastructure uplink case.
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Fig. A.2: Definition of parameters in the calculation of the area of region R(Cd% in the in-

frastructure downlink case when maxz(r*,r7) < R.
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and

R (lll/a
s = +T2;T22 . (A.13)

Similarly, the section As in (3.15) is also composed of two fan-shaped areas with

1/«
)

the measures of (nggl/a)ng and (r3z; '“)?¢', and the triangle with the lengths of das,

rozn/® and rgzl/»l/a, where
1/« 1/«
o = cos1 Bt (raze*)? = (rsz/)? (A14)
2d23(7"22(/11/a) ’
1/« 1/«
§ = cos 1Bt (2 — (raza )2 (AL5)
2d23(7"3221/a) 7
A = \/s/(s’ — da3) (8" — 7"32;1/Q>(S/ - rgzél/a) : (A.16)
and
j n/a n/a
o o dos +reza ' + 13z (A17)

2

A.4 Derivation of (3:16)

When maz(rt,r~) > R, the vegion Rgi% can be separated into four sections with
the areas of ﬂ(dgng/a)Z, Ai, As, and As. Figure A.3 shows all the parameters in
deriving (3.17), (3.18), and (3.19). In (3.17), the section A; can be divided into two
fan-shaped areas with the measures of (razs’*)2(m — ¢') and R0, and the triangle

with the lengths of R, o, and roza’®, where

G REP+rd— (rngll/o‘)

= A-l
0 cos s : (A.18)
2 njona P2
6/ _ COSil s + (TQZCL /1)/a R : <A19)
2ro(roza ')
A = \[s(s = R)(s —ra)(s — razit) | (A.20)

and

R o
s = +T22+Wa . (A.21)
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In addition, the section A, is made of two fan-shaped areas with the measures of

(r22;1/a)2gb and (r;2/”/%)2¢/, and the triangle with the lengths of dog, rgzgl/a, and

7

roza/® where
2 (/ll/a 2 _ /a2
¢ = cos 1B + (r22a"") /1/<T3Zz ) 7 (A.22)
2d23(’l“22a a)
2 njaygy ('Il/a 2
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1 1
A = \/3’(3’ — da3) (8" — r;:,zé“)(s’ — 7“22;") , (A.24)
and
d /L /l
oo fmiDm T (A.25)

At last, in (3.19), the section'As is constructed by three arc-shaped areas with
the measures of (ryz,"/*)2y= %(rg,zgl/a)?sz'm/ig, (roza!®) 25 — %(rgzél/a)%mwg, and

R*y — $R?sinay, and the triangle with the lengths of a, b, and ¢, where
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Fig. A.3: Definition of parameters in the calculation of the areas of sections A; and As in

(3.16) in the infrastructure downlink case when max(r*,r~) > R.
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Fig. A.4: Definitions of parameters in the calculation of the area of section As in (3.16) in

the infrastructure downlink case when max(r*,r~) > R.



A" = /s"(s" —a)(s" —b)(s" —c) ,
" a+b+c

s = 5 :
a = 2Rsinﬂ,
2
b = 2(rszi'=)sin—
and
1
c = 2(7"2z;‘*)sin%.

Figure A.4 shows all the parameters in deriving (3.19).
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(A.29)
(A.30)

(A.31)

(A.32)

(A.33)
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