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Student : Shao-Kai Hsu Advisors : Dr. Kai-Ten Feng
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National Chiao Tung University

ABSTRACT

A great amount of research has devoted to cognitive radio (CR) in recent years in order to
improve spectrum efficiency. In decentralized CR networks, it is not realistic for the CR users
to sense the entire spectrum in practice due to hardware limitations. Consequently, the
partially observable Markov decision process (POMDP) can be utilized to provide the CR
users with sufficient information in partially observable environments. EXxisting
POMDP-based protocols adopt channel aggregation techniques in order to improve spectrum
opportunities and system performance. However, the required time for channel sensing is
neglected, which is considered inevitable to ‘result in large sensing time overhead and
spectrum opportunity loss in realistic environments with increased number of the channels. In
this thesis, based on the partially observable channel state information in consideration of
sensing overhead, the stochastic multiple channel sensing (SMCS) protocol is proposed to
conduct the optimal channel selection for maximizing the aggregated throughput of the CR
users. By adopting the proposed SMCS protocol, the CR users can highly accommodate
themselves to the rapidly varying environment since the strategy for channel sensing is
dynamically adjusted. Moreover, the channel sensing problem is further extended to the
imperfect sensing scenario, which can severely degrade the throughput due to packet collision
between the primary users (PUs) and the CR users. Consequently, in addition to channel
selection, it is required for the CR users to determine the channel sensing time in order to
address the collision problem. The two-phase SMCS (TSMCS) protocol is proposed to
maximize the aggregated throughput of the CR users while still fulfilling the PUs" QoS
requirements. The problem associated with imperfect sensing is proved to be a convex
optimization problem and can therefore be efficiently solved by exploiting iterative approach
with subgradient method. Numerical results show that the proposed SMCS and TSMCS
protocols can effectively maximize the aggregated throughput for decentralized CR networks.
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Chapter 1

Introduction

According to FCC [1], a large portion of priced frequency spectrum is underutilized in
most of time and location, i.e. known as spectrum holes. However, there still exists the
spectrum scarcity problem due to the increasing spectrum demand for the operations in
unlicensed bands. In order to address the'problem, the conventional approaches with
static spectrum management are suggested to be adjusted. Cognitive radio (CR) [2] is
an emerging technique exploited for dynamic spectrum access (DSA) such that the CR
users are capable of opportunistically accessing the unused spectrum in licensed bands.
As a result, not only the spectrum scarcity problem over the unlicensed bands can be
alleviated, but also the spectrum efficiency over the licensed bands can be significantly
improved [3]. The IEEE 802.22 [4] is a standard that allocates the TV broadcast spectrum
on a license-exempt basis, which is considered a realization of the CR concept. In order
to prevent the primary users (PUs) from being interfered in licensed bands, the CR users
are required to perform spectrum sensing before opportunistic spectrum access.

In addition to centralized CR networks [5], there is also a great amount of research
that has devoted to the studies of decentralized CR networks [6, 7, 8, 9, 10]. In such
circumstance, the CR users have to perform spectrum sensing individually without ac-

quiring the information about spectrum holes from centralized base stations. However,



it is considered not realistic to assume the CR users to possess the full knowledge about
the entire network due to hardware limitations and power constraints, especially the case
that the spectrum of the primary network is comparatively wide. Therefore, the par-
tially observable Markov decision process (POMDP) can be utilized to model partially
observable CR networks. With single channel operations, the POMDP-based DSA MAC
protocols are proposed to provide the CR users with the optimal policies for achieving
maximum throughput [11] [12] and minimum waiting time during spectrum handoff [13].
In [14], the authors further extend the problem to the case that the CR users are capable
of simultaneously accessing multiple channels while still limiting the maximum number
of channels that can be operated at each specific time instant. However, the required
time for channel sensing in those works is not taken into consideration, which is crucial
in practice.

As a matter of fact, it is inevitable to introduce excessive sensing time when CR users
are conducting wide spectrum. The.more channels they sense, the more sensing time they
spend. Consequently, there exists atrade-off between spectrum opportunity exploration
and sensing time overhead. A cognitive hardware-constrained MAC (HC-MAC) protocol
for conducting decisions on spectrum sensing and accessing is proposed in [15] in con-
sideration of sensing time overhead. The authors assume that the joint distribution of
the correlated channels are known to the CR users while the assumption is considered
impractical in realistic environments. Furthermore, in consideration of the sensing time
overhead and the characteristics of the channels at stationary state, the optimal policies
for multiple channel sensing are proposed in [16]. However, the changes in the channel
states over sensing slots are not well considered, which causes the non-negligible interfer-
ence to the PUs. Therefore, a stochastic multiple channel sensing protocol is proposed
in our previous work [17] in order to address the aforementioned problems. In [18], the

authors extend the network model to the scenario that the PUs are unslotted based and



then provide the CR users with the optimal strategy for maximizing throughput. Even
though the sensing time overhead is taken into consideration in those protocols, the CR
users’ sensing outcomes are assumed to be perfect by performing spectrum sensing with
a fixed sensing period, which is considered impractical in realistic circumstances that the
CR users may receive the signals from the PUs with low SNR due to path loss or noisy
channel. Consequently, the problem of sensing errors caused by imperfect sensing is not
well addressed.

Under the imperfect sensing scenario, the CR users’ spectrum sensing consists of
the probabilities of mis-detection and false alarm. From the PUs’ point of view, the
lower probability of mis-detection, the better transmission reliability they have. However,
the CR users are required to spend more time on channel sensing, which reduces the
remaining time for access and increases the probability of false alarm. The design problem
of the optimal sensing time in consideration of imperfect sensing is studied [19]. In [20],
the problem is further extend to the POMDP. framework for both single and multiple
channel operations. The proposed strategy determines the optimal sensing time for each
channel individually based on the fact that the decision on each channel can be considered
independent from each other. However, the overall sensing time overhead is not taken into
consideration, which leads to the performance degradation in realistic circumstances due
to the highly correlation among the decisions on the sensing time for each channel. In [21],
the sensing time overhead is taken into consideration in the formulated POMDP problem.
However, only the case in single channel operations is considered, and the proposed policy
is not applicable to multiple channel operations. In consideration of sensing time overhead
and multiple channel operations, the problem of finding the optimal sensing time is studied
n [22], but the proposed approach can only be exploited in the case that there are two
primary channels, which is not suitable for generalized networks with multi-channel.

In this thesis, under the consideration of sensing time overhead, the stochastic multiple



channel sensing (SMCS) protocol is designed to conduct the optimal policies based on
partially observable channel state information with perfect sensing outcomes. In the
proposed SMCS protocol, the CR users can highly accommodate themselves to the rapidly
varying network environment since the channel selections for multiple channel sensing are
dynamically adjusted over time slots. Furthermore, considering the feasible techniques
for multiple channel sensing, two cases with wideband and narrowband sensing techniques
are studied. In the wideband sensing case, the CR users are capable of sensing multiple
target channels simultaneously with a fixed sensing time overhead [23, 24]. On the other
hand, the channel sensing has to be sequentially conducted among target channels in the
narrowband sensing, and the required time is aggregated with the increasing number of
the sensed channels. The optimal policies are designed based on the CR users’ sensing
technique, and the maximum aggregated throughput can be achieved by adopting the
SMCS protocol. Moreover, in order to provide the CR users with simplified decision-
making process, the SMCS protocol with long-term statistics (SMCS-L) is proposed. In
the SMCS-L protocol, the strategy for multiple channel sensing is determined based on
the steady-state statistics and therefore has the lower implementation complexity.

In addition to the perfect sensing scenario, the problem of performance degradation
caused by sensing errors in the decentralized CR networks is studied. Under the imperfect
sensing scenario, the CR users’ action-taking can be divided into two steps as follows:
(a) select the candidate channels for channel sensing; and (b) determine the required
time for multiple channel sensing. Consequently, the POMDP problem becomes a joint
optimization problem with multi-variable. However, the decisions on the sensing time
among channels are highly dependent on each other, which makes it difficult for the CR
users to find the optimal policy. Therefore, in order to address the problem, a two-
phase SMCS (TSMCS) protocol is proposed by dividing the original problem into two

subproblems without the loss of its optimality. Since the computational complexity of the



TSMCS may be high as the number of the channels increases, the SMCS protocol with
sub-optimal approach (SMCS-S) is proposed to facilitate the problem-solving. Moreover,
the TSMCS protocol with long-term statistics (TSMCS-L) is proposed to simplify the
decision-making process, which is based on the steady-state statistics as similar to the
approach in the SMCS-L protocol. Numerical results are presented to illustrate that
both the proposed SMCS and TSMCS protocols are applicable to capture the rapidly
varying opportunities of spectrum holes and maximize the aggregated throughput in the
decentralized networks. Moreover, the SMCS-L, TSMCS-S, and TSMCS-L effectively
balance the trade-off between the complexity reduction and performance maintenance.
The rest of this thesis is organized as follows. Section 2 formulates the considered
problem on a POMDP basis. The proposed SMCS and TSMCS protocols for solving
the problems under the perfect and imperfect sensing scenarios are described in Section
3. Section 4 illustrates the performance evaluation for the proposed SMCS and TSMCS

protocols. In the end, the conclusions are drawn in Section 5.



Chapter 2

Problem Formulation

In this section, based on the preliminary concept of the POMDP framework, the design
problem of channel sensing strategy will be formulated as a POMDP problem and con-
sidered under perfect sensing scenario and further extended to imperfect sensing scenario.
For further details about POMDP; it is'suggested to refer [25]. Considering that the PUs
are accessing the primary network with wide spectrum that is divided into N channels
each with identical bandwidth B. The PUs are permitted to access these channels ac-
cording to the centralized channel assignment provided by the base stations. On the other
hand, the CR users are unlicensed in the primary network and can only opportunistically
access the unused channels if the PUs are absent. The queue capacity for the PUs is
considered to be infinite, and the PUs are always preemptive when accessing, i.e. the CR
users must evacuate themselves from the channels whenever the PUs are present. Both
the primary and CR networks are time-slotted based on the same time slot duration Ty,
and the PUs’ channel allocation is conducted at the beginning of each time slot. In order
to prevent the PUs from being interfered, the CR users are required to perform channel
sensing before accessing. Each CR user is equipped with single transceiver, which means
that channel sensing and accessing cannot be conducted simultaneously. Furthermore, it

is feasible to satisfy the throughput requirement of the CR users by adopting spectrum



aggregation techniques such as discontinuous orthogonal frequency division multiplexing
(OFDM). In this thesis, considering that the CR users’ objective is to maximize the ag-
gregated throughput over current time slot, the impact of current action on future reward

is beyond the scope of this thesis.

2.1 Multiple Channel Sensing Techniques

According to the channel access scheme in the primary network, the multiple channel
sensing techniques adopted by the CR users can be classified into wideband sensing and

narrowband sensing with the definitions as follows.

Definition 2.1. Wideband Sensing (WS) is a sensing technique that senses multiple

channels simultaneously.

Definition 2.2. Narrowband Sensing:(NS).is a sensing technique that senses multiple

channels sequentially.

Among simultaneously WS techniques, the OFDM-based energy detector is the most
frequently used for application due to'its feasible implementation in practice. It can
be applied to the CR users’ multiple channel sensing if the primary network adopts the
orthogonal frequency-division multiple access (OFDMA) scheme. Consequently, the CR
users are capable of simultaneously sensing multiple channels. The required time for

wideband sensing 7 can be obtained as [26]

T = NS(M]\;f + Nop) (2.1)




where

N, : number of OFDM blocks
M :  maximum number of channel operation
Ny number of subcarrier per channel (2.2)

N, : length of cyclic prefix

| /s sampling freqency

On the other hand, considering the general case that the OFDMA scheme is not necessarily
adopted by the PUs, the WS techniques become inapplicable for the CR users. Instead,
the sequentially NS techniques are utilized, which means that the CR users have to sense
the target channels in sequence. In practice, the CR users can adopt the carrier sense
multiple access for NS, which is similar to the scenario in WLANSs that each decentralized
node verifies the traffic absence on the shared channel before transmission. However,
noted that the sensing time overhead in the NS 7" is accumulated with the increasing
number of the channels to be sensed and can be written as L7", where L represents the
number of the sensed channels and 7" denotes the required sensing time for each channel.
From the CR users’ point of view, more opportunities may be acquired when sensing
more channels. However, it is considered impractical to sense all the channels in realistic
circumstances due to excessive sensing time. As depicted in Fig. 2.1, the CR user chooses
the first and ¢th channels to sense in the first time slot and finds that only the ith channel is
unoccupied. Consequently, the CR user can only access one channel for data transmission
which results in the normalized throughput B(7Ts—27")/Ts. Considering the case that the
CR user decides to explore more unoccupied channels by spending more time on channel
sensing, four channels are sensed in the next time slot. The sensing results show that both
the second and Nth channels are unoccupied, and the CR user can therefore access these

two channels with channel aggregation, which is expected to increase its performance.
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Figure 2.1: An example to illustrate the spectrum opportunity and sensing overhead.

However, the remaining time for data transmission in this time slot is significant reduced,
and the resulting throughput becomes 2B(T; —47")/T;. Therefore, there exists a trade-off

between spectrum opportunity exploration and sensing time overhead for each CR user.

2.2 POMDP Framework

In the decentralized networks, the CR users are not able to acquire full information about
the PUs’ presence during channel sensing period due to the limited capability of spectrum
sensing and the aforementioned sensing trade-off. Consequently, the CR users’ channel
selection for multiple channel sensing can be modeled as a POMDP problem.

The POMDP framework considers a realistic scenario that only partial information
from environment is acquirable. It is formally described as a tuple (S, A,T,0,Q, R),
where S is a set of states, A is a set of actions, T is a set of state transition probabili-
ties, O is a set of observations, {2 is a set of observation probabilities, and R is a set of
immediate rewards for evaluating decision-making. However, the user still fails to deter-
mine the optimal decisions due to the fact that the observations acquired by the user are

considered insufficient to precisely reveal the past information of the process. In order to
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Figure 2.2: Interaction between user and environment in POMDP framework.

address the problem of environmental uncertainties, the belief state b is introduced and
developed to capture the current state of the realistic environment. It provides a sufficient
statistics about history such that the user;ecan have a better understanding of the realistic
environment. With the assistance of the belief state, the decision-making process is facili-
tated, and the belief state is therefore considered essential and beneficial to the user even
through current state is not fully observable. Fig. 2.2 depicts the interaction between the
user and the environment in the POMDP framework during state transitions. As can be
seen in the figure, the future belief state b(s") can be updated by the current observations
o(t), action a(t), and belief state b(s), which is attributed to the Markovian nature of
state transition. Moreover, based on the current state s(¢) of the realistic environment,
the immediate reward R(t) can be calculated after action a(t) execution.

With the knowledge of POMDP framework, the CR users’ channel selection for mul-
tiple channel sensing is modeled as follows. From the CR users’ perspective, each channel
is either unoccupied or occupied by the PUs and can therefore be modeled as a two-state
Markov process. Specifically, s;(t) is defined as the state of the ith channel in the tth

time slot, where s;(t) = 0 and s;(t) = 1 indicate that the channel is idle and busy re-

10



spectively, where ¢ = 1, ..., N. Since the spectrum of the primary network is divided into
N channels, there exist 2V possible combinations of the entire network states. For ease
of representation, the state vector of the entire network in the tth time slot is written as
S(t) = [s1(t), ..., si(t), ..., sn(t)], where s;(t) € S and S is the set of channel states. Fur-
thermore, based on the PUs’ dynamic occupancies on each channel, the state transition

probability of the ith channel can be formulated as T;(s, s’), where s,s" € S and

Ti(s,s') = P(si(t +1) = §'|si(t) = s) (2.3)

At the beginning of each time slot, the CR users have to select their candidate channels
for multiple channel sensing, which can be modeled as an action-taking process in the
POMDP framework. a;(t) = 1 and a;(t) = 0 indicate the ith channel is selected to be
sensed or not in the tth time slot. Then, the action vector of the multiple channel sensing
can be written as d@(t) = [ai(t), ..., a; (D)2 an(t)], where a;(t) € A and A is the set of all
possible sensing actions. Since the channel states of the entire network may not be fully
observable, each CR user can only acquire partial observations after action execution.
The observations on N channels are denoted as d(t) = [01(t), ..., 0;(t), ..., on(t)], where
0;(t) € {0, 1} represents the observed channel state of the ith channel in the tth time slot,
i.e. the sensing outcome of the ith channel. Noted that o;(t) € O, where O denotes the set
of all possible sensing outcomes. As mentioned before, in order to ensure the optimality
of the decision-making process, each CR user has to maintain its internal belief states
which can be regarded as its understanding of uncertain channel states and plays an
important role in PODMP framework. In the tth time slot, the belief state of the ith
channel in state s is denoted as b;(s), where b;(s) is located within the interval [0, 1] and
> ses bi(s) = 1. Furthermore, the updated belief state vector b;(s") can be acquired from

the former observations 0(t), action @(t), and belief state b;(s). The updating process can

11



therefore be written and derived by adopting the Baye’s rule as [25]

5 s P(s' (1), b(5). 5) P(sla(t). b(s))
(o) ]ar ), bu(s))
QL au(t),0u() T hi()T (s, (). )
- Plo(0)]as(1). bi(5)) 24

where P(0;(t)|a;(t),bi(s)) is a normalizing factor and can be obtained as
P(0i(t)]ai(t), bi( ZZQ s’ ai(t), 0i(1)bi(s)Ti(s, ai(t), s) (2.5)
s'eS ses

Noted that Q(s’, a;(t), 0;(t)) indicates the probability that the CR users observe o;(t) given

that a;(t) is performed and s’ is the resulting state, which can be written as

Qs ailt);0i(t)) = F(o:(t)]ai(t), ) (2.6)

Due to the fact that the channel state transitions of the primary network are independent

from the CR users’ actions, (2.4) can be further reduced as

Q(s", ai(t), 0i(1)) 2o e bi(8)Ti(s, 8')

b = S O D), o)) T, )

(2.7)

In order to provide the CR users with the measurement for evaluating policy-making, the
immediate reward R(s,a;(t)) is defined based on the action execution and the channel
states as

R(s.ay(t)) = 1, if s;(t) =0 and a;(t) =1 28)

0, otherwise

12



It can be seen that the CR users can obtain a unit reward from the channel that is sensed
idle. Noted that there is no penalty to the CR users. However, since the realistic channel
states of the network are not fully observable for the CR users, the reward cannot be
calculated. Fortunately, with the assistance of the belief states, the expected reward r(t)

can still be obtained by the CR users as

r(t) =) bi(s)R(s, ai(t)) (2.9)

i=1 s€S

As a result, the CR users’ policy is to take the action such that the maximum expected
reward can be achieved, and the optimal policy 7(¢) for multiple channel sensing can be
written as

7(t) = arg Igl(t)XT’(t) (2.10)

From (2.10), it can be seen that the optimal policy is expected to be time-varying, and
the CR users are required to dynamically adjust the policy in order to accommodate
themselves to the rapidly varying-environment. In consideration of the reliability of sens-
ing results, both the perfect and imperfect sensing scenarios are studied in the following

subsection.

2.3 Spectrum Sensing Scenarios

2.3.1 Perfect Sensing

When the CR users are geographically close to the PUs, the received signals from the
PUs are expected to have higher signal-to-noise ratio (SNR), which provides the CR users
with reliable detection so that the sensing outcomes can be considered perfect. Under such
perfect sensing scenario, the CR users can acquire the accurate information about PUs’

presence on the sensed channels after channel sensing. Since the CR users’ aggregated

13



throughput depend on the idle probabilities of N channels in the primary network, the
current belief for the idle state bY(t) = b;(s;(t) = 0),4 = 1,..., N are utilized in the

action-taking problem which can be formulated as

Problem 1. Find the optimal channel selection for multiple channel sensing.

T, — o il 0
rgg;( T a; (t)b; (t) (2.11)
s =1
n+M-—1 . . .
o a;(t) =M ,if wideband sensin
s.t. 2izn () & (2.12)

L(t) = Zf\il a;(t) < M if narrowband sensing

where

T ,if wideband sensing

o= (2.13)
L(t)r™ ,if narrowband sensing

Noted that the expected reward of the:.ith channel is equal to zero if a;(t) = 0 since
the CR users are not allowed to access the target channels without performing channel
sensing. The former product term in (2:11) denotes the normalized data transmission
time in consideration of sensing time overhead. Moreover, (2.12) defines the constraints
of Problem 1 in the WS and NS cases. M represents the CR users’ capability of channel
operation, i.e. the maximum number of channels can be operated at the same time, where
1 < M < N in general. Considering that the OFDM technique is adopted for the WS,
the channels to be sensed must be contiguous due to implementation feasibility of the
OFDM in practice. Consequently, there exist N — M + 1 combinations of the channel
selection for channel sensing. For instance, considering that N = 3 and M = 2, the CR
users can choose either the 1st and 2nd channels or the 2nd and 3rd channels for multiple
channel sensing.

On the other hand, in the NS case, L(t) denotes the number of the candidate channels

in the tth time slot and is associated with the accumulated sensing time overhead o.
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Since the channel sensing is individually and independently conducted on each channel,
the channels to be sensed can be discontiguous. As a result, all possible combinations of

the channel selection can be derived as

M
N
combinations[L(t) = 1] + ... + combinations|L(t) = M] = Z (2.14)
i=0 \ 1

Considering the special case that the CR users have full capability of spectrum sensing,
ie. M = N, (2.14) can further derived as Zfil(fv) = 2V by applying the Binomial
Theorem (z + y)" = > (")z'y" " with z =y = 1 and n = M. It is equivalent to the

case that the CR users determine to sense or not for each channel and there exist 2V

combinations of the sensing decisions on N channels.

2.3.2 Imperfect Sensing

In the cases that the CR users are farfrom the PUs or interfered by the noisy channels,
the received signals from the PUs:may have low SNR, which results in inaccurate sensing
outcomes when channel sensing, i.e..imperfect sensing. Consequently, it is inevitable
for the CR users to cause the interference to the PUs. In order to avoid it, the PUs’
QoS requirements are taken into consideration in the CR users’ decision-making process.
Considering the PUs set different requirements for successful data transmission on the
channels, i.e. the constraint on the probability that the PUs are not interfered by the
CR users during transmission, the CR users must avoid mis-detection when opportunistic
spectrum access in order to meet the PUs’ requirements. Mis-detection describes the case
the the CR users consider that the PUs are absent from the target channel after channel
sensing while the PUs are actually active. In such case, due to the PUs’ unexpected
presence, the packet collisions between the PUs and CR users may occur and severely de-

grade system performance. Specifically, the PUs’ requirements for detection probabilities
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on N channels are denoted as [Pg, ..., P4, ..., P¢]. On the other hand, false alarm is the
case that the CR users declare the PUs’ presence on the target channel but the PUs are
actually absent, which causes unnecessary loss of spectrum opportunity. Consequently,
from the CR users’ perspective, the lower false alarm probability, the higher probability
that they can access the unused channels. By adopting energy detector for determining

the presence of the primary signals with circularly symmetric complex Gaussian (CSCQG)

[19], the CR users’ false alarm probability on Nth channel can be derived as

P/ (v, Pl 7, f5) = Q(v/27 + 1 QP + \/Tifsv) (2.15)

where v, 7;, and fs; denote SNR level, sensing time for the ¢th channel, and sampling
frequency respectively. Noted that Q(x) is the Q-function for simple transformation of

normal cumulative distribution function as

Q(z) = \/%7? /OO exp —%du (2.16)

As can be seen in (2.15), given the PUs’ requirement P¢, Pif is an decreasing function
as the sensing time increases. In other words, the CR users can avoid false alarm when
spending more time on channel sensing. However, the remaining time for data transmis-
sion within the time slot is reduced. Therefore, the sensing time for each channel should
be taken into consideration in the action-taking process of the POMDP problem. Conse-

quently, based on the current belief states, the optimization problem under the imperfect

sensing scenario can be defined and formulated as
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Problem 2. Find the optimal channel selection and the corresponding sensing time for

multiple channel sensing.

N
T
max = Y wlt)(1 = P (3, P fs)0 () (2.17)
at
$ =1
S a(t) = M
s.t. W= =71"=.. =7¢=r" pif wideband sensing (2.18)
0< 7 <T,
L(t) = X5 ai(t) < M
0< 1 <T,,Vi if narrowband sensing (2.19)
Zi\il T < T
where
T ,if wideband sensing

o — (2.20)
Zi]il 77 if narrowband sensing

7% and 7' denote the selected sensing time for the ith channel in the WS and NS cases,
respectively. Noted that the sensing time in the WS case should be identically selected
among M consecutive channels due to simultaneous channel sensing. On the other hand,
in the narrowband sensing case, since the channel sensing is sequentially conducted, the
CR users are allowed to select different sensing time for each channel. (1—P/(-)) represents
the probability that no false alarm occurs on ith channel, which means that the channel is
expected to be available for opportunistic access in consideration of the protection to the
PUs. As mentioned before, the PUs on N channels may have different QoS requirements,
i.e. the detection probabilities, so the CR users have to find the optimal sensing time
that can jointly meet the PUs’ requirements among the target channels. As a result, the
CR users’ actions in Problem 2 can be regarded as a joint design problem of both the

channel selection and the sensing time decision for multiple channel sensing.
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Chapter 3

Proposed Protocols for Multiple

Channel Sensing

In this section, the stochastic multiple channel sensing (SMCS) and two-phase stochas-
tic multiple channel sensing (TSMCS) protocols are proposed to assist the CR users to
determine the channel sensing among multiple channels based on the POMDP frame-
work under the perfect and imperfect scenarios, respectively. Furthermore, the SMCS
and TSMCS protocols with long-term statistics (SMCS-L and TSMCS-L) are designed
for the purpose of implementation complexity reduction, and the TSMCS protocol with
sub-optimal approach (TSMCS-S) is proposed to reduce the computation complexity of
the TSMCS protocol.
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Belief states POMDP Policy
bi(t),.... bi(t),.... by (t) ] 7z (t)

Channel sensing selections
[ar(t),.... ai(t),..., an(t)]

Multiple Channel Sensing

Perfect sensing outcomes
(Partial observations)
Belief update [o1(t),..., o0i(t),..., on(t)]

bi (1) = bi (t+1)

Channel Accessing

|

Acquire the immediate reward
R(t)

Figure 3.1: The flow chart of the proposed SMCS protocol under the perfect sensing scenario.

3.1 SMCS Protocol under the Perfect Sensing Sce-

nario

3.1.1 Protocol Overview

Under the perfect sensing scenario, the proposed SMCS protocols are designed to address
Problem 1, which is composed of the sensing and accessing stages. Fig. 3.1 illustrates
the flow chart of the proposed SMCS protocols. In the first stage, based on the current
belief states, each CR user has to determine the group of the candidate channels to be
sensed. After that, the CR users perform multiple channel sensing on those candidate
channels. Once the CR users have recognized the current spectrum opportunities, i.e.
the unoccupied channels, multiple channel access with channel aggregation are conducted
in the second stage. Furthermore, the CR users obtain their immediate reward over the
current time slot. Noted that since the channel states of the network are only partially
observable, the CR users have to update their internal belief states all the time such that
they can have the sufficient information about the realistic environment for the POMDP

policy-making.
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3.1.2 Wideband Sensing

By combing (2.11) with the constraint for the WS in (2.12), the expected reward in tth

time slot can be reduced as

T — v & T, — 7w M
D wB () = = D (1) = R(tn) (3.1)
S =1 s i=n

where n denotes the starting channel index of the WS, i.e. the smallest channel index
within the sensing range. The equality in (3.1) is attribute to the fact that the reward of
the ith channel is zero if a;(t) = 0. Consequently, the optimal channel selection for the WS
can be obtained by comparing the expected reward over all the possible combinations of
the channel selection. Then, the optimal channel selection is to choose the channels with
indices from n* to n* + M — 1. Once the optimal POMDP policy is decided, the multiple
channel sensing will be conducted. Furthermore, based on the actions and observations,

the belief states can be updated as

Poo,i ,if a;(t) = 1 and o;(t) = 0,
bt +1) = P10,i ,if a;(t) =1 and o4(t) = 1, (3.2)

b (t)poos + (1 = 0Y(t))p1os ,if ai(t) =0

where poo; = P(s;(t+1) = 0[s;(t) = 0) and pyo,; = P(s;(t+1) = 0|s;(t) = 1). Noted that
the belief states of the unobserved channels are updated according to the Markov chain.
The proposed algorithm for solving Problem 1 in the wideband sensing case is shown as
Algorithm 1. Considering the special case that the CR users have the full capability for
wideband sensing, i.e. M = N, the POMDP problem is reduced to the Markov decision
process (MDP) problem since the channel states of the entire network are fully observable
for the CR users. In such case, the CR users’ optimal policy is always to sense all the

channels and access the unoccupied channels based on their full information about the

20



Algorithm 1: SMCS Protocol for Perfect Wideband Sensing

Input: 0°(t)

Output: b°(¢t + 1),a(t),o(t)

begin

forn=1to N—M+1do

| R(ti) = B TR ()
n* = argmax R(t,n)
fori=1to N do
ifn*"<i<n*+M—1 then

else
L a;(t) =0

fori=1to N do
if a;(t) =1 then
if 0;(t) =0 then
| 00(t+1) « poo,i
else
| 00(t+1) « pros

else
| 02(t+ 1) « (pooi, Pro.i)
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PUs’ presence.

3.1.3 Narrowband Sensing

In the NS case, since the required sensing time is proportional to the number of the
channels to be sensed, the group size of the target channels in the tth time slot L(#) should
be properly chosen in the POMDP policy-making. Let L*(t) be the optimal number of
channels to be sensed that maximizes the expected throughput over the tth slot. Due to
the dynamic environment, L*(¢) is expected to be dynamically adjusted over time slots.
Since the action for each channel is either 1 or 0, the problem can be formulated as a
Binary Linear Programming (BLP) problem. In general, the BLP problem can be solved
via exhaustive search. However, it becomes difficult and complicated as M increases
since the computational complexity of the exhaustive search is O(2") due to 2™ possible
combinations of the actions. Therefore, instead of applying the exhaustive search, a
computational complexity-reduced:algorithm is' proposed in order to solve the problem
more efficiently. The detailed steps of the proposed algorithm for perfect narrowband

sensing is described as follows.

e First of all, in order to realize the efficient search, N channels are sorted by the
expected idle probability in descending order based on the current belief states
and represented as p"(t) = [pP(t), ..., pr(t), ..., pX(t)], where p}(t) is the highest idle
probability among N channels. Then, the expected reward R(t, L) when choosing

the first L channels in p(t) to sense can be formulated as

R e A0 33)

where L = 1, ..., M. Noted that 7, is considered unique among N channels due to
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the identical channel bandwidth. Therefore, the optimal solution can be written as
L*(t) = arg max R(t,L) (3.4)

L*(t) can be obtained by computing the values of R(t, L) with all possible L, where
0 < L < M. Once L*(t) is obtained, the first L*(t) channels in p™(¢) are chosen
as the candidate channels for channel sensing. The reason is that the CR users
expect to gain greater reward by accessing the channels with higher expected idle
probabilities. Noted that the proposed algorithm significantly reduces the compu-
tational complexity from O(2") to O(n) compared with the exhaustive search since

the optimal solution to the problem can be found by M times search in (3.4).

e Once the channel sensing is conducted, the CR users acquire the sensing outcomes,
i.e. observations 0(t), and are allowed to access the unoccupied channels with chan-
nel aggregation technique. Meanwhile, the reward can be calculated according to

the accessing results.

e The updating process of the belief states is as similar to (3.2). A brief summary
about the proposed algorithm for perfect narrowband sensing is shown in Algo-

rithm A2.

3.1.4 Stationary Strategy

In addition to the performance-oriented schemes, the SMCS protocol with long-term
statistics (SMCS-L) is proposed to provide the CR users with the simplified decision-
making process. The main idea of the SMCS-L protocol is to determine a fixed group
of the candidate channels for multiple channel sensing at the beginning of the CR device

operation, and the policy is designed based on the long-term statistics about the idle
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Algorithm 2: SMCS Protocol for Perfect Narrowband Sensing
Input: 6°(¢)
Output: b°(¢t + 1),a(t),o(t)
begin
() = B°(2)
for L =1 to M do
| R(t, L) = B5ER T pi()
L*(t) = argmax(R(t, L))
at) <« L*(t)
fori=11to N do
if a;(t) = 1 then
if 0;(t) = 0 then
| Bt +1) < poo
else
L b?(t + 1) < P10

else
| (¢ +1) = (poo, pro)

probabilities of the channels in steady-state.  Consequently, the CR users’ strategy is

expected to be static over time slots. In the WS case, the expected reward is modified as

ey n+M-—1
Ry =T 3 (35)

where p{ represents the steady-state idle probability of the ith channel. The remaining
problem-solving steps are similar to the ones in the SMCS protocols. However, the updat-
ing process of the belief states is not required for the CR users since the decision-making
process in the SMCS-L protocols is on the long-term basis.

On the other hand, the problem in the NS case can also be solved based on the reward

function as

R =Ty (3.6)

where p} denotes the idle probability of the channel that is the highest among the channels
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after the sorting. Then, the candidate channels for multiple channel sensing over time
slots are the first L* channels in p" and the policy for channel sensing is static over time
slots until the long-term statistics has been changed. Considering the special case that
the occupancies of the PUs on each channel have the same statistics, i.e. p} = ... =p}' =
.. =Pl =k, (3.6) can be simplified as R(L) = %Lk Then, L* can be derived as

min(M, ;=) by taking the first order derivative of R(L) with respect to L. For instance,

) 27—1'1,

if there are 10 channels with the same statistics and the ratio of the slot duration 7§ to
the sensing time 7" is 10 to 1, L* will be 5. In such case, the CR users are recommended
to consistently choose 5 out of 10 channels to sense in each time slot.

Consequently, the implementation complexity of the SMCS-L protocol for both the WS
and NS cases is reduced due to static strategy. Intuitively, the performance of the SMCS-
L protocol is expected to degrade compared with that of the SMCS protocol, especially
in the case that the PUs’ occupancies change frequently. The reason is that the steady-
state statistics may fail to reveal the transient behaviors of the realistic environment.
The performance comparison between the propesed SMCS and SMCS-L protocols will be

shown in the next section.

3.2 TSMCS Protocol under the Imperfect Sensing

Scenario

3.2.1 Protocol Overview

The proposed SMCS protocols for imperfect sensing scenario follow the similar framework
compared with the ones for perfect sensing scenario. However, due to the uncertainties of
the sensing outcomes, the CR users may fail to access the expected spectrum access when
mis-detections occur, which is illustrated in Fig. 3.2. Therefore, the selections for sensing

time are taken into consideration in the proposed protocols. Furthermore, the updating
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Belief states POMDP Policy
[bi(t),.... bi(t),..., by (1) ] 7 (t)

Channel sensing selections
[ar(t), ..., ai(t),..., ax(t)]

Multiple Channel Sensing

Perfect sensing outcomes
(Partial observations)
[oi(t),.... oi(t),..., on(t)]

Belief update
bi (t) = bi (t+1)

‘ Channel Accessing ‘

Unaccessed channels l i Accessed channels
Yes No

| |

Correct Detection False Alarm | | Misdetection Acquire Reward R(t)
Pa Pr 1-Pa 1-Pr

No Yes

PUs
absent?

PUs
absent?

Figure 3.2: The flow chart of the proposed TSMCS protocol under the imperfect sensing
scenario.

process of the belief states and calculation of the expected reward are designed based on
the information about mis-detection and false alarm probabilities. Both the cases with

wideband and narrowband sensing techniques will be studies as follows.

3.2.2 Wideband Sensing

Considering the imperfect wideband sensing scenario, the CR users’ actions are to select
the target channels and sensing time for wideband sensing, which can be considered as
a joint optimization problem. In order to provide the CR users with a feasible solution
to the problem, the two-step problem-solving algorithm is proposed. Specifically, the
problem is divided into two subproblems as 1. Determine the optimal channel selection
and 2. Find the optimal sensing time for the selected channels. It can be shown that
the global optimum can be achieved by adopting the proposed algorithm without the loss
of optimality, which is based on the convex property of the problem with respect to the
sensing time. Therefore, it becomes feasible to efficiently solve the problem by exploiting

existing methods. The detailed proof is given as follows.
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Proposition 1. The optimal solution to Problem 2 in the wideband sensing case can

be obtained by exploiting the proposed two-phase approach, where

e Phase 1. Find the all possible combinations for channel selection
e Phase 2. Find the optimal sensing time for each combination
Proof. The proof of Proposition 1 is built on the lemma as below.

Lemma 1. The subproblem of mazimizing the aggregated throughput given a given channel
selection is a convex optimization problem with respect to wideband sensing time T for

all 0 < 7 < Tj.

Proof. For a given channel selection, (2.17) can be rewritten as Zfil fi(r,t), where

Lm0 (4) (1 — Pf L P TV fs)) it ai(t) =1
fro gy ) B0 PGP f) ) .
0 ,lf a; (t) =
Pl(y,PY ", fs) = Q27 + EQ (P + VT f+) (3.8)
The secondary derivative of (3.7) with respect to 7% can be derived as

u

d*fi(r",1) —c b)(t) <(1 — Fame (L + w/T foy) + %) = Lifa(t) =1 (39)
w2 - .
d(r) 0 if a;(t) = 0
where
v | s
_ )t 1
c 5\ o (3.10)

w;p = 27+ 1 QN (PH +\/Tu sy (3.11)

It can be observed that the conditions v; > 0 and 1 — TT—“ > 0 can be satisfied when

v, 7 fs > 0 and 7% < T respectively, which are considered feasible in the practical
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scenario. Noted that for 0 < 7% < Tj,

2 £ (w

% <0, Vi (3.12)
Then, f;(7",t) is a concave function due to the fact that the secondary derivative of
it is negative semidefinite. Therefore, according to the theory of convex optimization,
SOV fi(7, 1) is also a concave function since f;(1%,t) is concave for all i.

As for the constraints in (2.18), given that M channels have been selected for wideband
sensing, the constraints are reduced to 7 > 0 and 7 < T which are obviously convex
sets due to the fact that the line set must be convex.

Based on the convexity of the objective function and constraints, given the selected
channels, the subproblem is a convex optimization problem with respective to 7% for all

0< 7t <T,. O

According to Lemma 1, the optimal sensing time for a given channel selection is
unique and can be obtained by existing approaches. As mentioned before, since there
exist N — M + 1 combinations of channel selection in the wideband sensing case, the
optimal solution can be obtained by exhaustively solving the optimization problems given
N — M + 1 possible channel selections and choosing the solution that can achieve the
maximum of expected rewards, which completes the proof of Proposition 1. Noted that

the computational complexity of the proposed approach is linear time O(n). O

Among existing methods for solving convex optimization problems, the Lagrangian al-
gorithm is applied in the second phase of the proposed approach. Let py and ps be the La-

grangian multipliers for two inequality constraints, the Lagrangian function L(7Y, 1, f12)
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can be written as

=1

+u T — pa (Y — Ty) (3.13)
Furthermore, the necessary conditions for obtaining the solution are

dL(Tw7/’l’17l'l’2) — < 0 ’lf Tw - 0 (3 14)
dr —0 it >0

(3.14) can further be expressed as

OL" ) _ 23 (c (T, — ) \/17—1” et - (1- @<uz~>>) (1)
+u1_— M2 (3.15)

In order to obtain the optimal solution, the walues of the Lagrangian multipliers are

required to be obtained. An iterative approach-that exploits the gradient is utilized to

(k

) be the value of w; after k
(k)

7

update the values of the Lagrangian multipliers. Let pu
iterations, where i = 1,2. Then the updating process for 7%®*) and u;" can be expressed

as follows.
w K (k
AL(re® ) i)

Folktl) _ (k) ak( ) (3.16)
orv
(k+1) (k) "
+1 k~w
7 p =BT
;k y | (k 1 10
py " us? + BE(rv = T)

where []* = max{-,0}. In order to guarantee the convergence of the Lagrangian algo-

rithm, the diminishing step size of = c/\/E and BF = c/\/E are chosen for updating 7%
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and g in the kth iteration respectively, where ¢ is a tunable constant. Consequently, the
optimal sensing time for all the combinations of channel selection in wideband sensing
can be obtained by exploiting the Lagrangian algorithm. Finally, the channel selection
with corresponding sensing time that achieves the maximum of the expected reward is
chosen as the optimal solution to the joint optimization problem.

Based on the obtained optimal policy to the constrained POMDP problem, the CR
users conduct the channel sensing and then access the expected idle channels. After that,
the reward can be calculated based on the acquired throughput over the current time
slot. However, noted that the CR users acquire zero reward if there exist packet collisions
between the PUs and CR users, i.e. mis-detections occur. Furthermore, since the obtained
observations are not fully reliable in the imperfect sensing scenario, the uncertainties of
the sensing outcomes should be taken into consideration in the belief update. For ease
of representation, s; = s;(t) , s; = s;(t + 1), b = 02(¢), and o; = 0;(t). Then, based on
the conditional observation probabilities, the estimations of the channel states in the next

time slot are derived as

P(s. 20,0, =071
P(s; = Oloi(t) = 0,80) = U5 =0 =00)

P(Oi = O,b?)
_ P(s;=0,8;=0,0,=0,0)) + P(s; = 1,8, = 0,0, = 0,0)
bY(1— P/ + (1 =60 (1~ Ff) .
P(s; =0,0;, = 1,1?)
P(s; =0|oi(t) = 1,b)) = L
(S’L ’O( ) ) Z) P(Olzl,b?)
_ P(si=0,5,=0,0,=1,0)) + P(s; = 1,5, = 0,0, = 1, 1))
B P(o; = 1,b)
_ P pooi + (1 — b9) Ppig, (3.19)

WP/ + (1 —0)P?

(2 (2
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Consequently, the the updating process of the belief states is summarized as

( 09(1 — PHpoos + (1 — 60)(1 — PDYpyo,
bz( i )pO(])c,l + ( bz)( i )plo,z ,lf az(t) — 1 and Oz(t> =0
B —P)+(1=-6)(1 - P
0 B oply. . 1 — b9 Plpo
Wit+1) =4 ub poo,; + (1 — b)) Ppuo.i Jifa;(t) =1 and o;(t) = 1 (3.20)
WP + (1 10) P
L 00 (oo + (1 = B2(8))pro Af ai(t) =0

Noted that the updating process in (3.20) can be reduced to (3.2) by setting P? = 1 and

P/ = 0 for the perfect sensing scenario.

3.2.3 Narrowband Sensing

In the narrowband sensing case, the CR users can choose any combinations of the discon-
tiguous channels for multiple channel sensing. Moreover, the sensing time for channels
can be distinct from each other, i.e. 7" # ... # 7/* # 7. However, the decisions on
sensing time are statistically dependent.on.each other due to the fact that the sensing
time overhead is accumulated as o = Yoo 77 in (2.19). As a result, the problem of
finding the optimal sensing time for each channel can be regarded as a joint design for
7 = [0, ...,7%]. In general, solving the problem with multiple variables can be difficult
and complicated, especially the case that N is large. Fortunately, it can be proved that

the problem can still be solved by applying the proposed two-phase approach as similar

to Proposition 1.

Proposition 2. The optimal solution to Problem 2 in the narrowband sensing case can

be obtained by exploiting the proposed two-phase approach, where
e Phase 1. Find the all possible combinations for channel selection
e Phase 2. Find the optimal sensing time for each combination

Proof. The proof of Proposition 2 is built on the lemma as below.
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Lemma 2. The subproblem of maximizing the aggregated throughput given a channel
selection is a convex optimization problem with respect to the narrowband sensing time 1"

foral0 <77 <T, and "N 7" < T, i=1,..N.

x=1"x

Proof. Given a channel selection, (2.17) can be written as 311, fi(7,t), where

N _n
1) = B e T Bl P )00 (3.21)

K3
S

Taking the second-order partial derivatives of (3.21) with respect to (7}, 7") can be derived

asS
( N 0 “z
s ((1—Zw5—;%v)”;f§)(1+uk i) + Tl\/_> Jifi=j and j=Fk
o Tk
Pl 1) (3.22)
_— = _ Y P . . .
orroT! —cTsnge 2 Jifi=j and j#k
0 Jif iy
where
Yol fs
= hLe 3.23
¢ 2 \V'or (3.23)
u, = /27 +1Q Y (PH+ /T [y (3.24)

Noted that ug > 0 if v, 77, f; > 0. Then, the Hessian matrix of f;(7",¢) can be obtained

as
9% f; 0% f; 0% f; [ 0 d |
(T2 orrorr? oot 1
) — 9%fi 0%f; % f;
H(fz) orjoTy oy 87’]” ot oty 0 dn (3 25)
% fi 02fi 22fi 0 d
| OTROT! oTROTH A(TR)? NxN L N NxN
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where the conditions d,, < 0 for n = 1,...N can be satisfied according to (3.22) with i = j.
To check the definiteness of H(f;),

L H () + H(fi) o

FH(f)7 =7 5 7 (3.26)
0 dy 0 T
:{715 e TP T]‘i/:| dy - di - dy s (3.27)
i 0 dN . 0 1L T]% i
N
= 70(di+ ) 7idy) <0 (3.28)
n=1

The last inequality in (3.26) is attributed to the fact that the sensing time for each channel
77" should be non-negative. Then, H(f;) is said to be negative semidefinite, and f;(7", )
is a concave function with respect to 77 >0, where ¢ = 1,..., N. Consequently, the
SV fi(7,t) is also a concave function since f;(*,t) is concave for all i.

Furthermore, since the constraints in (2.19) lie on the linear set, they are said to
be convex sets as similar to the case in the imperfect wideband sensing. Based on the
convexity of the objective function and constraints, given the selected channels, the sub-
problem is a convex optimization problem with respec to 7/* for all 0 < 7" < Ty as well

N n
as Y, 72 =

According to Lemma 2, the optimal solution to the problem can be obtained by
exploiting the proposed two-phase approach as similar to Proposition 1 except that
the number of the combinations increases to Y o' (). Noted that the required time
complexity in the proposed approach for the narrowband sensing is O(2") by exhaustive

search, but the complexity can further be reduced to O(n) when exploiting dynamic

programming. [
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Similarly, the Lagrangian approach is applied to find the optimal solution to the
constrained POMDP problem. Let fi = [u1, ..., pn+1] be the Lagrangian multipliers, the

Lagrangian function L(7%, i) is written as

N

— TS_ J;pv— T; n
L(F”,u): %Z(1—Pj(’}/,Pg,Tx,fS))bg(t)

r=1

N N
+ Z PaTy — HN+1 (Z Ty — TS) (3.29)
=1 =0

Furthermore, the necessary conditions for obtaining the solution are

L7 it <0, ifr"=0
w = (3.30)
Ti =0, if 7" >0
(3.30) can further be expressed as
N
OL(F" 1) _ 0 Srped ©e (1 Qu)
arr :;bz(t) c(1— T) = e 2 —T) +ui—punyr (3.31)

Let ugk) be the kth iteration of j;, wheres-=1,...,N + 1. Then, 7* and i® can be

updated as
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where o = ¢/vk and ¥ = ¢/v/k dénote the diminishing step size in the kth iteration
that can guarantee the convergence of the iterative approach. Consequently, the optimal
channel selection with the corresponding-sensing time for narrowband sensing can be
obtained by exploiting the proposed TSMCS protocol. The remaining process including
accessing and belief update for imperfect narrowband sensing is as similar to the one for

wideband sensing.

3.2.4 Complexity Reduction

Although it is feasible to solve Problem 2 by exploiting the proposed SMCS scheme,
the computational complexity of problem-solving may be high as N increases due to
the increased combinations of all possible channel selection. In order to solve it, the

suboptimal scheme for SMCS (SCMS-S) is proposed, which applies heuristic algorithm
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instead of exhaustive search. The detailed steps of the SMCS-S scheme are shown as

below.

e Step 1. Calculate the expected reward for each channel R;(t) with initialized sensing
time

Ri(t) = (1= P/ (v, P 7, f))b(t) (3.36)

e Step 2. Determine the priority of channel sensing by sorting R;(t) in descending

order.

e Step 3. Select the channels with the first M highest priorities as the candidate

channels

e Step 4. Find the optimal sensing time associated with the candidate channels by

the subgradient method

Noted that the sensing time is initialized according to the standard IEEE 802.22 [4] in the
first step and will be optimized once the candidate channels are determined. Consequently,
Problem 2 in the narrowband sensing case ¢an be efficiently solved by exploiting the
TSMCS-S protocol with the reduced computational complexity from exponential time
O(2") to linear time O(n), as compared with the TSMCS protocol. However, the solution

is considered sub-optimal since the channel selection is determined via heuristic search.

3.2.5 Stationary Strategy

In order to reduce the implementation complexity of the selection for multiple channel
sensing, the TSMCS protocol with long-term statistics (TSMCS-L) for the imperfect
sensing scenario is proposed to provide the CR users with simplified decision-making
process. As similar to the perfect sensing scenario, the CR users’ channel selections are

based on the long-term statistics about the idle probabilities of N channels. However,
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noted that in consideration of the protection of the PUs, the selection for sensing time
is required in the imperfect sensing scenario in order to meet the requirements of the
PUs’ detection probabilities over N channels. Therefore, the Lagrangian approaches
are applied for finding the optimal sensing time once the channel selection has been
determined. Furthermore, since the TSMCS-L protocol exploits the static strategy from
a long-term perspective, the CR users are not required to update their information about

the environment over time slots until the statistics of the channels has been changed.
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Chapter 4

Performance Evaluation

In this section, simulations will be presented to demonstrate the performance of the
proposed SMCS and SMCS-L protocols under the perfect sensing scenario in terms of
aggregated throughput for the current time slot. On the other hand, TSMCS, TSMCS-S,
and TSMCS-L protocols will be evaluated unider the imperfect sensing scenario. Moreover,
the performance of the proposed protocols will be presented in both the single and multiple
channel operations. The simulation parameters are referred to the standard IEEE 802.22

[4] for WRAN using spectrum holes onTV-bands as shown in Table 1.

Table 4.1: Simulation parameters

Parameters Values

Slot duration T 10ms

No. of subcarriers/channel Ny 32

Length of cyclic prefix MN¢/4

Wideband sensing time 7% 100(M Nf)1.25/ foms
Narrowband sensing time 7" 1ms

Bandwidth B 6MHz

SNR ~ —15dB
Over-sampling rate f, 8B/7 MHz
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4.1 Performance Comparison under the perfect Sens-
ing Scenario

First of all, the random channel sensing (RCS) protocol is implemented for the purpose
of performance comparison. In the RCS protocol, the CR users randomly choose their
target channels to sense without the need for decision-making process. The transition
probabilities of N channels from idle state to idle state pgg are set from 0.7 to 0.9 with
the constant difference between any two successive channels. On the other hand, the
transition probabilities from busy state to idle state piy are set from 0.5 to 0.7. For
instance, in the case that there are 5 channels in the primary network, i.e. N =5, pgg and
p1o are set as [0.7,0.75,0.8,0.85,0.9] and [0.5,0.55,0.6,0.65,0.7] respectively. Fig. 4.1(a)
illustrates the influence of the number of the channels on the system performance in the
WS case, where the CR users’ capability for maximum number of channel operations M
is set as M = 1 and M = 3 for single and multiple channel operations, respectively. In the
case of single channel operations, the:CR users have no capability of sensing and accessing
multiple channels and can only choose one channel within one time slot. Considering that
the OFDM technique is exploited for simultaneous WS, for a OFDM system with 32
subcarriers per channel and cyclic prefix length of 8, the required sensing time for WS is
100(32 + 8) M/ fs if the CR users observe 100 OFDM symbols during sensing period [26].
As can be seen in the figure, the CR user’ throughput is significantly improved by adopting
the proposed SMCS protocol with both the single and multiple channel operations, i.e.
without and with the assistance of channel aggregation. In addition, the aggregated
throughput tends to saturate even as the number of the channels increases, which is due
to the limitations on the CR users’ maximum sensing range.

On the other hand, in the NS case, the required sensing time for each channel is set

as lms according to the IEEE 802.22 [4] and the sensing time is the same among N
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Figure 4.1: Performance comparison of CR users’ aggregated throughput versus numbers of
channels N under the perfect sensing scenario.
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channels due to the identical bandwidth. As can be seen in Fig. 4.1(b), the proposed
protocols outperform than the RCS protocol. Noted that different from the WS case, in
order to prevent from resulting in excessive sensing overhead, the CR users may decide
not to utilize the full capability of channel sensing, i.e. sense M channels, which is
attributed to the tradeoff between spectrum opportunity exploration and sensing time
overhead. Comparing the proposed SMCS and SMCS-L protocols, the performance of
the SMCS-L tends to be degraded since the decision-making process in the SMCS-L is
on the long-term basis without updating the information about the transient states of
the environment. Therefore, the two proposed protocols can be regarded as performance-
oriented and complexity-oriented approaches, respectively. Furthermore, the decision-
making processes in the SMCS and SMCS-L protocols in the NS case are compared with
respect to the time slots and the number of the channels. As can be seen in Fig. 4.2(a),
the variations in the decisions on the numbers of the channels to be sensed L* in the
SMCS protocol reveal its adaptation to the dynamic-changing network environment. In
other words, L* is varying over time slots under the dynamic strategy. On the other hand,
in the SMCS-L protocol, the CR users adopt the static strategy with the fixed number of
the channels to be sensed L* over time slots, which can be observed to be time-invariant

in the figure.

4.2 Performance Comparison under the imperfect Sens-
ing Scenario

The sensing errors are taken into consideration when conducting spectrum sensing under
the imperfect sensing scenario. Considering that the PUs have QoS requirements for the
detection probabilities P? from 0.85 to 0.95 with equal difference between any consecutive

channels, the CR users are required to meet the PUs’ requirements when opportunistic
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spectrum access. The performance is evaluated in terms of aggregated throughput while
the false alarm is taken into consideration in the CR users’ obtained reward. First of
all, the proposed TSMCS, TSMCS-S, and TSMCS-L protocols are compared with the
RCS protocol in the WS case, where the sensing time in the RCS protocol is similarly
set as 100(32 + 8)M/ f;. By varying the SNR of the received signals from the PUs; the
performance comparison is shown in Fig. 4.3(a).

As can be seen in the figure, the proposed protocols have the better performance com-
pared with the RCS protocol in the cases of both single and multiple channel operations.
Noted that the aggregated throughput increases when the received signals have high SNR.
It is due to the fact that the CR users can obtain accurate sensing outcomes without the
need for excessive sensing time. In other words, the remaining time for data transmission
is increased in such circumstance. In addition, the throughput tends to saturate by adopt-
ing the RCS protocol due to the improper channel selection during the sensing period. On
the other hand, in the NS case, the performance gain provided by the proposed protocols
can be clearly seen in Fig. 4.3(b): Noted that the proposed TSMCS-S protocol with the
sub-optimal approach can be highly close to the maximum throughput while reducing its
computational complexity, where the optimum is achieved by the TSMCS protocol with
the exhaustive search over all the possible combinations of channel selection.

Moreover, considering the number of the channels in the primary network, the per-
formance comparison in the WS and NS cases are shown in Fig. 4.4(a) and Fig. 4.4(b),
respectively.

Obviously, the proposed protocols outperform than the RCS protocol in both cases and
facilitate the CR users’ optimal decision-making processes while keeping the protection
of the PUs without introducing severe interference. Lastly, considering that the PUs
vary their QoS requirements in terms of detection probabilities, the impacts on the CR

user’ performance in the WS and NS cases are shown in Fig. 4.5(a) and Fig. 4.5(b),
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respectively. As can be seen in the figure, the proposed protocols provide the CR users
with the better approaches for achieving their objective. Noted that the performance is
degraded as P, increases, i.e. the PUs have more stringent constraints on the likelihood
of mis-detection. It is due to the fact that the CR users intend to increase their sensing
time for channel sensing in order to guarantee that the PUs will not be inferred with the
outage probability. Consequently, the remaining time for data transmission is reduced
and the probability of false alarm is also increased under such policy. Furthermore, noted
that the performance in the NS case is more sensitive to the variations in the detection
requirements, which is due to the fact that the allocated sensing time for each channel can
be different from each other and is highly correlated with the corresponding probability

of detection.
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Chapter 5

Conclusions

In this thesis, in consideration of the sensing overhead in a partially observable network,
the stochastic multiple channel sensing (SMCS) protocol is proposed. With only partial
information, the optimal decision on channel sensing can be conducted, which is expected
to achieve the maximum aggregated throughput for the current time slot. Consequently,
not only the spectrum efficiency of primary network but also the system performance of
CR network can be improved by exploiting the technique of channel aggregation. Further-
more, the two-phase SMCS (TSMCS) protocol is also proposed to address the problem
of performance degradation due to sensing errors. Simulation results show that both the
proposed the SMCS and TSMCS protocols can effectively enhance the CR users’ aggre-
gated throughput by conducting the optimal decision-making in the partially observable

CR network with the protection of the PUs.
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