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Two-Dimensional POMDP-Based Opportunistic Spectrum
Access in Time-Varying Environment with Fading
Channels

Yumeng Wang, Yuhua Xu, Liang Shen, Chenglong Xu, and Yuni&meng

Abstract: In this research, we study the problem of opportunistic
spectrum access (OSA) in a time-varying environment with fd-
ing channels, where the channel state is characterized by to
channel quality and the occupancy of primary users (PUs). Fst,
a finite-state Markov channel model is introduced to represet a
fading channel. Second, by probing channel quality and explring
the activities of PUs jointly, a two-dimensional partially observable
Markov decision process framework is proposed for OSA. In adi-
tion, a greedy strategy is designed, where a secondary us&iscts a
channel that has the best-expected data transmission rate maxi-
mize the instantaneous reward in the current slot. Comparedvith
the optimal strategy that considers future reward, the greely strat-
egy brings low complexity and relatively ideal performance Mean-
while, the spectrum sensing error that causes the collisiobetween

a PU and a secondary user (SU) is also discussed. Furthermore

we analyze the multiuser situation in which the proposed sigle-
user strategy is adopted by every SU compared with the previes
one. By observing the simulation results, the proposed sttagy at-
tains a larger throughput than the previous works under various
parameter configurations.

Index Terms: Cognitive radio, finite-state Markov channel, op-

portunistic spectrum access, partially observable Markowdecision
process.

I. INTRODUCTION

accessing television white space (TVWS) [17]. In [18]-[26
"Senseless" database system is presented, where TVWS avalil
ability is determined by unlicensed devices via a geolocati
database service. Geolocation database approaches anlg mai
proposed to determine the TVWS availability in the space do-
main, i.e., the geographical area not covered by licensesl PU
(such as digital television (DTV) users and wireless micro-
phones). Spectrum sensing can be used to determine the TVWS
in both the space domain and the time domain [16], i.e., the
primary signal is absent, which is suitable for ad hoc neksor
and scenarios of SUs without location capability. In thisdgt
threshold-based spectrum sensing is adopted in ad hoc katwo
asin[22].

Because of the hardware and energy constraints, SUs gener-
ally cannot sense all channels simultaneously. To addnesgt
challenges, the decision-theoretic solution of partialbserv-
able Markov decision process (POMDP) [21] is proposed to
address this problem for OSA systems, where SUs can only
observe a part of the system state. Recently, some strategie
based on POMDP have been proposed [22]-[27]. In [22], the
authors proposed a POMDP framework by investigating the de-
centralized medium access control (MAC) protocol to maxani
the expected throughput. The authors of [23] proposedstati
ary optimal sensing and access policies based on bursty traf
fic in energy-constrained POMDP. The impacts of sensing er-

In cognitive radio networks (CRNs) [1]-[3], opportunisticdors were also investigated by the authors of [24], where the
spectrum access (OSA) [4]-[12] is one of the main functionBOMDP in the presence of sensing errors was formulated as a
where the activities of primary users (PUs) are not inteder constrained POMDP. In [25], the authors tried to find an opti-
by secondary users (SUs) who are sensing and accessingntlaépolicy to maximize the expected net reward considetieg t
instantaneous available spectrum. In general, the vaget s following problems: The delay cost connected with stayufg i
trum information is obtained by two main approaches: speie- a time slot, the energy cost connected with spectrum sens-
trum sensing and geolocation database. According to the dag and data transmissions, and the throughput gain coediect
rent standardization rules in the US and Europe [13], [1#, twith successful transmissions. To counter the view progpoge
spectrum sensing approach is used only in special cases suttier scholars that POMDP is not suitable for unslotted PUs,
as ad hoc networks [22], where the channel availability islmoin [26] the authors analyzed this situation in particular[27],
eled as a threshold-based hypothesis test of licenseds@mé based on cooperative spectrum sensing, the authors ddsigne
where sensing errors exist [15], [16]. The geolocationloée a multi-channel MAC protocol. However, most of them disre-

seems to provide a technically feasible and commerciadlipiei

garded the practical problems in a fading environmentjq@art

solution in the future, which avoids the sensing errors andlarly the problem of channel quality. Therefore, we focughum
adopted by Federal Communications Commission (FCC) whileoblem of channel quality using the framework of POMDP for
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vides a solution to solve the problems related to channditgua
in a fading environment.

It is significant to solve this problem because of the fading
characteristic of wireless channels, which is caused byipheil
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transmission paths between the source and the destinatin i
time-varying environment. Therefore, the channel qualay-

not be neglected. However, this problem is difficult to solve
mainly because of the following reasons. 1) As the channel is
fading, the channel quality changes analogously over tje.
The channel state is influenced by both the time-varying €han Fig. 1. The slot structure of SU.
nel quality and the occupancy of PUs at any time. Moreover,

they are independent of each other. The authors of [28] pro-

vided a solution to this problem, wherein the PU’s activly ime belief vectors. Therefore, if every SU adopts the progose
modeled as a two-state Markov chain, and the channel qugategy, the performance of the network will be better than
ity variation is modeled as a finite-state Marko_v chai_n. Iresp  \when every SU adopts the previous strategy proposed in [22].
by the above references, we propose a two-dimension POMDRccording to the simulation results, the proposed strasgy
framework. Different from the works in [28], here, the terMging hetter performance than the one discussed in [22]ferdi
“two-dimensional” means that the channel quality is pttia ent situations. Moreover, some cases with different kegipar
observed in the same manner as channel availability, ard tgys (e.g., number of channels and partitions of the FSME) a

the quality information obtained by the SU is updated when thompared, and the simulation results also verify our aialys
belief vector is updated. The other difference and the lelai e yest of this paper is organized as follows. In Section I

approa_ch are as f‘_)"_OWS: the related work is mentioned. Section Il describes the sys
In this paper, a finite-state Markov channel (FSMC) [29]][3Qem model. Section IV presents the proposed two-dimenkiona
model is introduced to characterize a fading channel in @4impoMDP framework. Then. in Section V. the greedy strategy is
varying environment for a data transmission system. Meghoposed considering the channel quality in a fading enviro
while, by probing the channel quality and exploring the PUient. The presented simulation results prove the advamage

activity jointly, we propose a two-dimension_al POMDP framepq proposed strategy by observing the upgrade of the throug
work, i.e., the occupancy state of channels is partialyeol®d ;i Section VI. Last the paper is concluded in Section VL.
by SUs, and the channel quality information is probed justrmvh

the sensing channel is idle. According to the sensing anbk-pro
ing outcomes, both the availability and the quality infotioa Il. SYSTEM MODEL
of channels are upda_ted. C_ompared with the On.e_d'menS'.OR?ITransmission Model of SU
framework, the two-dimensional framework obtains more in-
formation, including that on channel quality and availail ~ Suppose that in a time-varying environment there/driad-
which is beneficial for predicting the information about sha ing channels with the same bandwidgiHz, which are licensed
nels more accurately. In addition, the greedy strategysigded to PUs and form a cognitive wireless system. The cognitive
to maximize the instantaneous reward in the current sloighvh users of the system communicate with a pair of synchronous
also leads to low complexity and relatively ideal performen transmitter and receiver. When the SUs explore the spectrum
compared with the optimal strategy that considers the éuter  opportunities, they cannot sense all channels simultasigou
ward. Further, the proposed strategy is compared with tié-pr because of the hardware and energy constraints. Thus,sin thi
ous strategy in [22] in the same cognitive network considgri study, we assume that only one channel is selected at a time fo
the channel quality. Different from the previous strategy22] the sake of simplicity.
that selects a channel with the largest probability of amlity, To begin with, a SU selects a channel to sense with sensing
the proposed strategy allows the SU to choose the chanrtel witne 7, for its data transmission. If the channel is idle, the SU
the best expected data transmission rate, which incogmtlaé availsr, time to probe it and obtain the channel quality informa-
channel availability and quality. tion 6. Otherwise, the SU waits for the next slot to proceed with
In addition, the two single user strategies, i.e., the psepo the sensing again. If the SU decides to exploit the channel ac
strategy and the previous strategy proposed in [22], are- corording to the sensing and probing outcomes, e.g., the ehann
pared in different situations. First, the situation in thregence not occupied by PUs and its quality is desirable, it will dirsie
of the sensing error is studied roughly for discussing tH&-co 7, to transmit data packets based on the current data transmis-
sions between PUs and SUs, where the spectrum sensing esimnm rate, which is determined by the channel quality. Aethe,
interferes with the sensing and probing outcomes. Secbed, after the data are successfully transmitted, the receokeraavl-
situation of multiple SUs is also analyzed, where differf8bfs edges costing,, time and the summation of each data packet
are located in different areas of the same network. The perfduration isty, = 74 + 7. The basic slot structure consists of
mance of the entire network will be different if the two siagl these four time parameters, as shown in Fig. 1.
user strategies are applied to the network. On one hand, the
availability states of the same channel sensed by them are B Traffic Model of PU

same in the same time slot. On the other hand, the qualigsstat g affic model of the PU's activities is described as the
of the same chgnnel probed by them may be dlffergnt. AdOp'['Hgailability of all theN channels, which follows a discrete-time
the proposed single user strategy leads to more dlffermIt—seMarkov process with/ = 2V states [22]. In particular, in slot
tions and fewer collisions than adopting the previous styat ¢, the availability state of channele {1,2, ---, N'} can be de-
proposed in [22] because of different quality vectors amdstt 104 byS,(t) € {b(busy,i(idle)} (Fi,g.72), 7and the system
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Channel 1
> Uy, Uy Uy, Ug 1 k-1
Uy /Q\ Uy /Q\ Uik
o) () (2 ) . (7
Channel 2 Uy Uy Uy
0 T
S0=i 52=b 5=b 5,M)=i Fig. 4. The FSMC model.

Fig. 2. An example of the spectrum occupancy.

density functiorp(y) = loe—V/W, wherey, denotes the aver-
Py age SNR [29]. The steady-state probability and the levedszro

ing rate function are written as (4) and (5), respectiveyyrd>
phb @ Pi ferring to [29].
o

| Y
Th = / p('y)dw — e Tk/70 _ g=Tht1/70
T

. (4)
Fig. 3. The state transition of PU channel. * k=01, K —1
. 27TF 7F/ o
state at slot is given by the vector: AT) = \/ Wfde A (5)
S(t) = [S1(t), Sa(1), - -, Sn(t)] € {b,i} V. 1) where f; denotes the Doppler frequency and the level crossing

rate functionA(-) represents the average number of times per

It is assumed that the traffic statistics of the PUs remain upnitinterval that a fading signal crosses a given signalIi20].
changed folT" slots and the elements of(¢) are independent ~Here, the adjacent transfer (AT) method [29] is adopted,
of each other. The conditional transition probability%f(t) is Which assumes that transitions only happen between adjacen
Therefore, the state transition probability can be obthiae
Ppy(r) = Pr{Su(t + 1) = 1|Sa(t) = k},Vk,1 € {b,i}. (2) follows:
{ upper = 2 k=01, K — 2

The SU can achieve the transition probabilities from thé est AT
Uk, k—1 = - Tda, k:17257K_1

mation of the traffic statistics of PUs. In Fig. @,; andp,; are
probabilities that a busy channel becomes idle and an idlach
nel remains idle, respectively. This transition probapithatrix Wherer,, denotes the packet duration time [30]. According to

can be written aoceupancy — { ?: Zm " and this matrix (6) the state transition probability matrix is obtained alfofvs:
is subject to the following statior:ary (Zjlistributiorjpb,pi] = oo o1 0 0
[piv/ (Div + Pvi) s Poi/ (Piv + i )] ot e o 0
QChanneF :
C. FSMC Model 0 UK-_3,K-2 UK-2K-2 UK-2K—1
FSMC model (Fig. 4) is introduced to characterize a fading 0 0 UK-1,K-2 “K*LK(*;)

channelin a time-varying environment [29], [30]. Undermat

circumstances, the thresholds are given as ) . .
whereuy, ;, is calculated as in (8) because the summation of ev-

ery row of the matrix is 1.

Iy =e"B -1 ke{0,1,-- K —1} (3)
where0) = Ty < Ty < Ty < -+ < T'gk_1 = oo and 1 — g1, k=0;
1 denotes the rate increment between adjacent channelyqualit,, \ — ¢ 1y, 01 —wpy, 1<k<K-—1; (8)

states. The transmitter transmits a training sequencethemd
the receiver receives them and sends feedback [30]. Acaprdi
to the thresholds, the received instantaneous signabitema-
tio (SNR)~ is partitioneq intoK’ non-overlapping segments. If Il TWO-DIMENSIONAL POMDP ERAMEWORK
'y <+ < T'ky1, the quality state of the channel is regarded as
and the corresponding ideal data rat®ijs= BIn(1+T}). The Because of the hardware and energy constraints, the SUs gen-
channel quality state is assumed to remain unchanged in e@ghly cannot sense all channels simultaneously. The ideeis
slot. theoretic solution of the POMDP is proposed to tackle thdpro

In a typical multipath propagation environment, the reediv lem for OSA systems, where the SUs can only observe a part of
SNR ~ obeys the exponential distribution with the probabilityhe system state.

1*UK71,K727 k=K —1.
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and the specific explanations of these cases is given by the fo
lowing four cases:
Case L:If|k — 1| > 2,

Qs1k,s5l = 0.
Case 2: Itk =,
""" DbpUk,ks ~ S1 = S = b;
_ ) pviugk,  s1=0,5=1;
Torkssl = g, 81 = 82 =1
Fig. 5. The diagram of the integrated channel state transition. DibUk ki $1 =1,89 =b.
Case3: lfil=k+1,k=0,1,---K — 2,
DobUk,k+1,  S1 = S2 = b;
Consequently, the realistic channel state is charactebye ) Dbtk k+1, 81 =0b,89 = i;
both channel quality and the occupancy of PUs; the original srkysol = Diik k+1, $1 = 83 =1
POMDP framework is inappropriate for this situation. There DibUk k41, 81 =1,89 =b.
fore, a new two-dimensional POMDP framework is proposed,Case 4. Ifl =k -1,k =1,2,---K — 1,
where the channel quality state is probed and the PU’s activi DPobUk,k—1, s1 = s2 = b;
is explored jointly. By applying the FSMC model, we will dis- ) DPrik k-1, 1 =b,89 =1;
cuss and define the core components of the new framework in Torksal = DiiUk,k—15 81 =82 =1;
this section. DibUk,k—15 s1=1,82 =0.
whereuy, i, ug x+1, anduy 1 are given by (6) and (8), respec-

A. State Space and Transition Probability tively.

The system state consists of the states of all channels: AfteAccording to (11), we can obtain the integrated transition
sensing and probing each channel, we can obtain the charf{@Pability matrix containing the occupancy of the PUs ds fo
state informatio € {¢y, vio, @i1,- -, @i x—1}. The channel lows:
statey, implies that the sensing channel is busy but the quality
state cannot be probed, whereag, k € {0, - - -, K —1} means Q = | PrvQcnamel Py Qchannel (12)
that the channel is idle with quality state PivQchannel ~ pii Qchannel

Although the quality state is not observed when the chanriégien, by plugging (7) into (12), the matrix is calcu-
is busy, it still exists and changes over time. Thereforés it lated as (12). It is subject to the stationary distribution o
assumed thap, can be regarded a8ps,0, 06,1, Pb, K1}, [PoT0, PoT1s - - s PyTK —1, DiT0, DiT1, - -+, DiTK —1)-
where ¢y, ;, means that the channel is busy with quality state The matrixQ shown in (13) provides the transition probabil-
k; i.e., irrespective of the state dfps0, 9.1, b -1} ities that the channel state changes from one to anothery Eve
that the channel is in, the sensing outcomes arepgllAc- row denotes the probabilities that the corresponding stittes
cording to this assumption, the integrated channel state coow transfers to all states, while every column represdms t
tains {¢p,0, Pb,1, Yo, K—1,¥i0,¥i1, @i, k—1} and the probabilities that all states transfer to the correspapdtate of
state transition proceeds among & states as shown inthis column. The existing situation @f is explained as follows:
Fig. 5. Therefore, the system state space is given as fallows The quality states of the FSMC and the available states are in
dependent of one another, therefore, depending on whétaer t
FSMC is idle the quality state of the FSMC can only transfer to
S(t) = 151(0), a(t), -+, Sn (#)] (9) the adjacent stat(gs ortr)(/amain in the current state.
€ {©,0, 01,1, PbK—1,Pi,0, Pi, 15 ---%‘,K-1}N-

B. Action Space

According to the steady-state probability of the channats,
distribution of ¢, 5, can be calculated as (10), whergandp;
are the probabilities that the channel is busy or idle, retsypady.

At the beginning of every slot, the actions of the
SU have two stages: Determining a channelt €
{1,2,---,N}) to sense and deciding whether to access
Pr{d = ¢sr,s € [bi],k€[0,1,-- K — 1]} = psr it (v, = {0(No aﬁces}s 1(Accesg}) according to the

) sensing outcome. The sensing space is givenAas =
{ ib;:’ %iiii:ll’ (10) [a(1),a(2),---,a(t), -, a(T)] and the corresponding action
R T e ' spaceis(A, ¥,}.

In Fig. 5, it is shown that if the channel stateys;, it trans- [N this paper, our emphasis is on the first stage, i.e., or-dete
fers to the states:py 2, b3, Pb.4, iz, Pi3, Pia. N particu- mining a channel to sense according to the proposed strategy
lar, when the quality state of the channel is 06y there are Order to obtain the maximum reward.
only four states to transfer respectivedy; o, .1, ¢i.0, vi,1 and
Vb K—1, 96K, Pi,K—1, Pi, K- The transition probabilities amongC' Reward
the2 K states can be computed as In each slot, after implementing the actiofu(t) €

_ _ A,¥,} the SU receives the remaining reward denoted as
Pr{6)™ = 05010 = @1k} = dsihysals (11) Vi(QUt),04(t)), whereQ(t) andd,(t) denote the belief vec-
(s1,82) € {b,i},(k,1)e{0,1,---K — 1} tor and the quality vector, respectively. The reward cdssis
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PbbUO0  PpbUOL 0 e 0 Dbil00  PbiU01 0 0
PobU10  PppULL PrbU12 0 DPbiU10  PhiUll PbiU12 0
0 PbbUK -2 K—3 PbbUK—-2 K—2 PbbUK—-2,K—1 0 PhilK -2 K—3 PbhiUK—-2,K—2 PbiUK—-2 K—-1
0 0 DhbUK—1,K—2 PobUK—1,K—1 0 0 DhiUK—1,K—2 PpiUK—1,K—1
Q= pipuoo Ppipuo1 0 EE 0 PiiU00  PiiUol 0 x 0
PipU10  PipUll DPibU12 0 Pii10  Piiil Piit12 e 0
0 PibUK—2,K—3 PibUK—2 K—2 DPibUK—2 K—1 0 PiiUK—2 K—3 DPiUK—2K-2 PiilK—2K—1
0 0 PibUK—1,K—2 DPibUK—1,K—1 0 0 PiiUK —1,K—2 PiUK—1,K—1
(13)

of two parts: (1) The immediate rewarR,(¢) achieved in where 3%(t) denotes the probability that the chanmels in
slott when channet is sensed and the observing outcome iguality statek in slot ¢ and ZkK:’Ol BE(t) = 1. The vector is
da € {@b, pio, i1, -+ vi,xk—1}; (2) the future expected rewardutilized to characterize the probability distribution oiffelr-
Vir1(Q(t 4 1),04(t + 1)) that starts from slot + 1 with the ent quality states of channel at the beginning of the slot
updated belief vectar(z 4 1) and quality vectof, (t + 1). and calculate the expected available capacity as (14) in the
In this paper, a greedy strategy that just focuses on the imnagt. Moreover, this vector is updated over time and is in-
diate reward in order to reduce complexity is designed. Befodependent of the belief vector. Therefore, the system qual-
the state transition in slat given the knowledge of the networkity information can be forecast and is given Wyt) =
stateQ2(t) and the channel quality informatidtit), we can ob- {6, (t), 0(t),---,0,(t),---,0xn(t)}. Based on the above men-

tain the data rat®, = BIn(1 + I'y) when the channel quality tioned two vectors, the SU selects the channel accordiriyo (
state isk. If the SU selects channelin slot, it will obtain the o
expected reward as follows: E. Policies

In this framework, the objective is essentially achievimgy a

K-1 K—-1
_ k _ k optimal policy. Definep(t) as the policy which is the mapping
Ra(t) = P “a(t)Ba DiTaa = ];) @a(t)Ba BIn(1+Tx)7da from a belief vectof2(t) and a quality vectof(t) to an action

(14) {a(t) € A, T,}. The policys(t) and the policy set of all slots
wherew, (t) ands*(t) are conditional probabilities that channefre written as (18) and (19), respectively.
a is idle and its quality state is, respectively, which are defined

in the next part. o(t): Qt),0(t) — {a(t) € A, ¥, }, (18)
D. Belief Vector and Quality Vector B = [6(1), 6(2), -+, d(L), - - -, S(T)] (19)
In a POMDP framework, the actual system state is generally
unknown. According to all the past explorations and deasjo
the estimation of the system state can be described as an im- IV. PROPOSED GREEDY STRATEGY
]E)Ocilr(t)z:vr;t.deﬂmUon, which is called Belief Vector and wriitas First, it is assumed that the greedy strategy is proposet wit

out the spectrum sensing error. Second, the structure efridie
Qt) = [wi(t),wa(t), - wn(t), - wn ()7, (15) egy is gnalyzgd in the presence of the sensing error, which is
beneficial to discuss the collision between a SU and a PU. Fi-

wherew,, (¢) denotes the conditional probability that the chann8@llY, the application of the proposed single user straiegx-
nisidle (S, (t) = ). The initial belief vectof2(1) is generally tended to the situation of multiple SUs, where the advantdge

assumed to be the stationary distributianshown in (16). the proposed strategy compared with the previous stratexyy p
posed in [22] is also clarified.
Pui

wWo=Pi= Div + Poi (16) A. Proposed Strategy for Single User

In the proposed two-dimensional POMDP framework, the
computational complexity of the optimal solution increase-
I|%onentially with the slots. A greedy strategy that maxirsitee
instantaneous expected reward is proposed; it has low exmpl
Iity and relatively ideal performance compared with the ropti
scheme. In this section, the proposed scheme is given, where
SU chooses a channel with the best expected data transmissio
0.(t) = [B2(t), BL(2), - - -, BE(t), - - -, BE=1(¢)], a7 rate supported by the channel quality.

ke{0,1,-- K —-1},ne{1,2,---,N}

However, the traditional belief vector cannot perfectlgne
sent sufficient statistical information as the quality estist un-
known when the channel is idle or busy. Therefore, another i
portant concept called quality vector is defined to desdtige
channel quality information in this paper and is given by fo
lows:
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Our objective is to choose the set of policids = Algorithm 1 Proposed OSA scheme
[0(1),6(2),- -+, &(t),- -, ¢(T)] based on the belief vectors and

the quality vectors to maximize the total expected rewarihgu 1: Initially, give the necessary parameters to calculatertre t
finite T slots as follows: sition probability matrixQchranneias (7) and the integrated

transition probability matribx@ as (14).

. L 2: Calculate the initial belief vector from the matr@® and

" = q):?;(%)??m Eq Z Ry (8)|Q2(1),6(1) | (20) make the first choice according to (21) and (22) at the be-

o =t ginning of the first slot. (At the beginning, vectors are the
and the corresponding poligy () is given by same for every SU; therefore, choosing the largest is equal

to choosing randomly.)

¢*(t) = argmax Eyy) [R¢(t)(t)] Q(t),0(t)] 3: Atthe end of this slot, the belief vector and the quality vec-

#(t) (22) tor are updated as (23) and (24) according to the sensing and
t=1,2,---T. probing outcome, respectively.

) ] 4. Atthe beginning of the next slot, make a new channel selec-
_ After performing the action, the expected best chaangl) tion as (21) according to the new belief vector and quality
is selected in slot to maximize the expected immediate reward \actor obtained in step 3.

as follows: 5. After the data are successfully transmitted, the receiger a
a*(t) = arg  max  Re(t) knowledges the same. Repeat steps 3 and 4, and accumulate
a=1,2,-,N the reward according to (20).
K-1 (22)
=arg max wa(t)B¥BIn(1 + T1) Tda.

el
Il

0 B. Spectrum Access in the Presence of Sensing Error

vio?;g/esrt]r;rt]s COggt'\éieS;?:?gg] V;”tflrll Zig'ggeghtigngl;nt:; F\jvrie' In the actual scenario, spectrum-sensing errors can na-be n
gy propo 1 . . glected, and can be mainly categorized into the followiadse
the largest probability of availability according to thelibe

; ) . alarm and miss detection. The former means that the idle-chan
vector. Different from the previous strategy proposed ig][2

the or d strat lows every SU t lect h r]nel is sensed to be busy, which leads to a wastage of the spec-
€ proposed stralegy allows every 0 select a Chanfifly, resource. The latter is the opposite; i.e., the busyméla

with the maximal expected reward according to the belief veg Fxplored to be idle, which causes the collision betweella S

tolr and the quality vector, whigh means choosin_g t.he ghan%%d a PU if the SU trusts the sensing outcome. In this study,
with the maximal expected available data transmissionaipa the focus is on miss detection, which influences the prockss o

ine selocton s squivalen to choose the channel with e bB/ODInG dualfy sates ofthe channels.
q When miss detection occurs, the SU will probe the channel

available expected data transmission rate, which is wrié . 3 L
P K1 that is sensed to be idle, where the activities of PUs agtuall
exist. As a result, the probing outcome, i.e., the qualiyestis

Argmax,—1,2,... N Y_p—o Wa(t)B¥BIn(1+T). Moreover, the
proposed sirategy obtains more information about the rrktW‘i’nterfered. However, how the activities of PUs interferéhwhe
probing outcome is beyond the scope of this paper. In adgditio

containing the quality states and the availability stateshan-
nels over time, which makes the selection more efficienhdf L false alarm does not influence the probing outcome because of
hich the SU does not probe the channel.

data rates supported by the channel quality are used fancakﬁl
lating the actual throughpl_,lt, the performance of the prep_os At the end of the slot, the receiver will acknowledge it if
strategy exce eds the previous str_ategy proposed in [Zg]en Ehe SU transmits data successfully. The acknowledgement is
same coghnitive scenario that considers the channel quality denoted byA € {0(Failing), 1(Successfol. If a*(f) = n

dq+ () = wi K, A= = 0, it means that miss detection occurs and

At the end of slott , the belief vecto2(¢) and the quality
vectord, (t) are updated based on the actior{t) and the ob- the probing OUtcome, - () — r ;. is wrong. The actual chan-
nel state should bé,-(t) = . In addition, the correspond-

servationd,- (the state of channel*) as in (23) and (24), re-

spectively. ing means of updating the belief vector and the quality wecto
Dbi if a*(t) = n, 00+ (t) = ; should be changed owing to which the channel is busy. Miss
wn(t+1) = pn, if a*(t) = . S (1) = %_’k detection and false alarm probabilities are denoteg,hyand
w(i)pii + (1= w(t))pri if, a*(t) # n; ™" py, respectively. According to the sensing outcome, the pigbi
’ ’ (23) States and acknowledgement, belief vectors and qualitypxec
Ukt if a*(t) =n, 0a-(t) = pip;  are updated as (25) and (26), as shown on the next page.
K-1
Br(t+1) = g—:o Brt)ur, if a*(t) =n, da-(t) = @y C. Application of the Greedy Strategy for Multiple SUs
or a*(t) #n. In this subsection, the applications of two different sengser

(24) strategies, i.e., the proposed strategy and the previcaiegy
It is noted that in (23), there is no effect of the valuekof proposed in [22], are compared in the same cognitive network
whend,- (t) = ¢; k. In particular, the proposed greedy strateglyith multiple SUs. The network performance will be diffeten
is described in algorithm 1. when two strategies are applied to the network. In genérel, t
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w(t)psi + (1 — w(t))pwi, if a*(t) #n;
wn(t+1) =4 Pii; ( o) if a*(t) =n, Ae = 1; (25)
Ps(WaxPii+(1—Wa*)Poi . * . A
pf(wa*pii+(17wa*)pbi)+(wa*(1*pii)b‘i’(1*wa*)(1fpbi))7 if a*(t) =n, Ay = 0;
Ukt if a* (t) =n, g (t) = Qi Aar=1;
K—-1
k ) *(t) = . — 0. A =0
ﬂ'lll(t + 1) = kg() ﬁn(t)ukl, Zf a (ﬁ) n, 6‘1 (ﬁ) Piks Aa 0, (26)

Ik(z_l BE (t)u, if a*(t) =mn, 6o (t) = @p or a*(t) # n.
=0

optimal channel is not unique; i.e., different SUs may gealde
ferent "best" channelsto sense. Therefore, the singlestrete-
gies mentioned above could be suitable for the situationud$ m
tiple SUs. The proposed strategy allows every SU to choose
arbitrary channel among several channels with the besteteg
data transmission rate, while the previous one in [22] lgts €
ery SU select a random channel among some channels with
largest probability of availability.

Considering the cognitive network with multiple SUs, thi
availability states of the same channel sensed by diffedelst
are the same in the same time slot, which is caused by the st
observation on the PU’s activities. However, the qualiptes
of the same channel probed by different SUs may be diffe
ent, because their different locations lead to differerarotel
fading. The corresponding belief vectors are the same,hgut 0.8° 10 2 0 n 50
quality vectors are different, which leads to the same prok T
bilities of availability and different expected data trarission
rates respectively. Therefore, the number of selectioaisSkJs Fig. 6. Performance comparison of our approach and the previous ap-
can make according to different data transmission ratesget E_rgi‘iTnogz‘;q?‘fﬁggt;hni?t?;'] V[‘)”rt:bt:;"'f; ?:i;g;ogf‘b{'gz (i%‘g"";?;"t:y
than they do according to the same probabilities of avditgbi (.5}
in [22]. Therefore, the proposed strategy brings less sioltis
and more network performance improvement than the previous
onein .[22]' . eight-states Markov channels, which describe the fadirag-ch
_ In this study, we assume t_hat th_e_SU adppts carrier sense ”?alé%eristic of the time-varying environment.
tiple access (CSMA) to avoid collisions with other SUs [212]. Fi ; L -

T irst, three cases of different transition probabilitie® a

two or more SUs want to access the same channel thatis idle for )
L X - given: Case 1{py; = 0.2, p;; = 0.8}, case 2{py; = 0.5, p;; =

transmission, one of them can succeed in transmitting data. 0.5}, and case 3:{ps — 0.8,pi — 0.2}, which have the

The reward of the system, which denotes the average through-’ Db S Pii )

t of th i work duri lot b tod 98me stationary distribution. The selection of these theses
put of the entire network during slots, can be computed as makes it convenient to compare the performance of the pro-

09} —#—The proposed method: p, =0.2,p,=0.8
~—©—The method of LPA [22]: p,=0.2,p,=0.8

Throughput of secondary user (bps)

0.85r

MT posed approach with that of the previous approach proposed i
R= Z ZRZ}f t)/T. 27) [22], vv_hicr_\_just chooses the channel with the Iargest pr'filbﬁb
P BB of availability (LPA). In Figs. 6, 7, and 8, the simulation-re

sults demonstrate that the approach proposed in this paper p
vails over the preceding approaches. In particular, in Fighe
upgrade is approximately up to 20% because of the improved
V. SIMULATION RESULTS information gained from the observed PU’s activities anel th
In this section, a typical scene is considered in whigbrobed channel quality states. It is worth mentioning that t
the channel is slowly fading and the environment is timeurve of the bottom in Fig. 7 also has an upward trend, which is
varying. The performance is evaluated by MATLAB simulaenly caused by the exploration results of the quality statbe
tions, whose parameters are as follows: Channel bandwigtiannel quality is not considered in case 2, the curve wiilosi
B = 6 MHz, average received SNR, = 15 dB, carrier become a straight line because of the same transition pitebab
frequencyf. = 50 MHz, terminal mobile speed = 2 m/s ities, which means that the accumulating observationsigeov
(Doppler frequency is f./c), data transmission time and aclittle information and the channels are selected randomly.
knowledgment time;, = 100 ms, and the rate intervgl = 3 Second, we discuss the influence caused by the change in
Mbps. The system model is established with five independevtiich denotes the number of channels. Assume that there are
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Fig. 7. Performance comparison of our approach and the previous ap-  Fig. 9. The performance comparison based on three cases with different
proach of choosing channel with the largest probability of availability numbers of channels each of which has 8 states. There are N =
(LPA) in [22]. The transition probability is case2: {py; = 0.5, pi; = 3, N = 6 and N = 9 independent channels in case 1, 2, and 3
0.5} respectively.
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Fig. 8. Performance comparison of our approach and the previous ap- Fig. 10. The performance comparison based on the number of channels
proach of choosing channel with the largest probability of availability is constant with N — 5 and five cases with different number of states

gL;f\) in [22]. The transition probability is case 3: {py; = 0.8, pi; = K=2K=5K=8 K =10, and K = 11, respectively.

N =3, N =6, andN = 9 independent FSMCs each of whicHective is the proposed approach. For a larfethe probability
hasK = 8 states in cases 1, 2, and 3, respectively. The comp@firansmission through a better channel state and a higitar d
ison among these three cases is shown in Fig. 9. The propokg increases for the same received SNR. As shown in Fify. 9, i
approach can be more effective with a larger number of chalis-is sufficiently large, the increase in performance is litBe-
nels. Because the larger the valueNfis, the greater is the cause whetk is sufficiently large, the same received SNR may
number of channel choices made by the SU. However, when fieportioned into the same state or adjacent states, wrads le
number of channeld/ is sufficiently large, the upgrade causedo almost the same data transmission rate.
by the increase inV can be almost neglected. There are two Fourth, the performance and the spectrum efficiency in the
reasons for this: 1) The SU just makes one channel seledtiopeesence of a sensing error are studied. For comparing €onve
a time. 2) As in the case of multichannel diversity, the perfoniently and convincingly with the previous strategy progoh
mance increment decreases as the valu¥ afcreases. [22], the same spectrum sensor as that used in [22] is applied
Third, the number of channels is set to be constant, i.ehe simulation in this study. Therefore, the function rielaship
N = 5. We attempt to analyze five cases with different valudéstweerp,, andpy is given as in [22]. The transition probabil-
for K, K=2,K=5 K =28, K =10,andK = 11. Asis ities are also set to bfp,; = 0.4,p;; = 0.5}. The comparison
apparent from Fig. 10, the larger the valuefofs, the more ef- results are illustrated in Fig. 11. As the collision proti&pbe-
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10° than the previous strategy proposed in [22]. In additioa ttno
10 ‘ ‘ P SN S curves have the similar increasing trend with an increaslean
ER SR —— 3 SUs. Because when two or more SUs choose the same optimal
5T of 1 channel, there is always one SU that can transmit data stcces
835 4f - fully adopting CSMA. In addition, the larger the number of SU
ool o ;Z‘F:‘;’:ezfn::fhijzl is, the more utilized are the channels and the better is tHerpe
; ; ‘ mance. If the number of SUs is sufficiently large, eNg.> 15
0 o 02 o3 o4 08 the curves remain unchanged because of the limited spectru
Prescribed collision probability !
0175 resource.
5
5o 017
%%0.165— VI. CONCLUSIONS
w
E% o1 —+— The method of LPA [22] In this paper, a FSMC model was introduced to represent
g =01 | —e— The proposed method a fading channel in a time-varying environment. Because the
@015 041 02 03 04 05 FSMC was also affected by the PU’s activity, we proposed a
Prescribed collision probability two-dimensional POMDP framework for OSA systems. Fur-

thermore, a greedy strategy in which the SU selected one

Fig. 11. The performance comparison in presence of sensing error.  ~hannel with the best-expected data transmission ratedier or

{pos = 04, pii = 05} to maximize the instantaneous reward in every slot was de-
signed. Further, the greedy strategy had low complexity and
relatively ideal performance compared with the optimadtstr
egy. The scenario in the presence of a sensing error and the
application of the proposed single-user strategy in a nmgti
situation were also analyzed. The performance of the pexpos
strategy was evaluated by simulations, which demonstthtgd
our strategy was better than the previous works. In addition
some cases with different parameters were compared and the
simulation results verified our analysis.

For OSA systems, POMDP is only a type of decision-
theoretic frameworks that contain some other theoretiméa
works, e.g., game theory, optimal stopping problem (OSi), a
multi-armed bandit (MAB) problem [10]. This two-dimensgln

Average throughput of the network (bps)

J —%— The method of LPA [22] under multiuser case] | framework, which solves a situation by considering the clghn
sl : S~ The proposed method under multiuser case quality, may be appropriate for other theoretic framewoiltss
o2 4 6 8 10 12 14 will be the focus of our next work.
Number of SUs
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