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ABSTRACT in time. The design objective is to allocate these spatially

varying spectrum opportunities among secondary users &o th

We address the design of distributed cognitive medium aGye” hetwork-level spectrum efficiency is maximized subject
cess control (MAC) protocols for opportunistic Spectruntess oo regulatory constraint on interference to primary siser

(OSA) under an energy constraint on the secondary users. The Th loitati fi | t wuniti sl
objective is to maximize the expected number of informdditsn € exploitation ol temporal Spectrum opportunities |E|s_g .
from the bursty traffic of primary users has been studied in

that can be delivered by a secondary user during its battiésy | [7]. [8]. Within the framework of partially observable Mark

time without causing interference to primary users. By abfu decision process (POMDP), the optimal cognitive MAC protoc

the residual energy level of the secondary user into theestatt ¢ all d © ind dentl hf d
space, we formulate the energy-constrained OSA problem aga alows seconadary users 1o independently search for-an

an unconstrained partially observable Markov decisiongass exploit instantaneous spectrum opportunities has beerapeed

(POMDP) and obtain the optimal spectrum sensing and accesg [7]. This MAC protocol consists of a sensing strategy that

policy. We analyze and reduce the computational complexity etermines which channgls N .the sgectrum to sense basr(]ad
the optimal policy. We also propose a suboptimal solution (e, JEECT EL Ay FURRCR B S0 P S e
energy-constrained OSA, whose computational complexity c ) _

be systematically traded off with its performance. Nunaric on sensing outcomes. .The energy gonstramt of secondary use
examples are provided to study the impact of spectrum ocaypa 1S, however, not t_aken Into account in _[7]’ [8]. o

dynamics, channel fading statistics, and energy consampti The incorporation of energy constraint can significantlyneo

characteristics of the secondary user on the optimal senaind  Plicate the cognitive MAC design. Under the energy constyai
access decisions. sensing decisions should be made based on not only the spectr

occupancy dynamics but also channel fading statisticsaaoéss
I. INTRODUCTION decisions should take into account not only the availabbit
also the fading condition of the sensed channel. This makes
The exponential growth in wireless services has resultethin  the optimal sensing and access strategies opportunistiotim
overly crowded spectrum. In contrast to the apparent spectr spectrum and time. Even the residual energy level of the sec-
scarcity is the pervasive existence of spectrum oppoiesit ondary user will play an important role in decision-makifgr
Real measurements show that, at any given time and loca@ion,example, when the battery is depleting, should the user wait
large portion of licensed spectrum lies unused [1]. Evenrwhe for increasingly better channel realizations for transiois or
a frequency band is actively used, the bursty arrivals ofynanshould it lower the requirement on channel given that sgnsin
applications result in abundant spectrum opportunitieshat  also costs energy? Clearly, such decisions depend on thgyene
millisecond scale. This has motivated opportunistic spect consumption characteristics of secondary users.
access (OSA), envisioned by the DARPA XG program [2]. The  ag 3 starting point to energy-constrained OSA, this papesai
idea of OSA is to allow secondary users to identify and exploi, develop the fundamental limit on the expected number of
spectrum opportunities under the constraint that they de@sse  jnformation bits that can be delivered by a secondary usenglu
harmful interference to primary users. its battery lifetime. By absorbing the residual energy lefehe
There is a growing body of literature on the design of mediumsecondary user into the state space, we show that the energy-
access control (MAC) for OSA [3]-[8]. Most existing works constrained OSA problem can be formulated as an unconsttain
(see [3]-{6]) consider a network of geographically disitdl  POMDP. Based on the theory of POMDP, we obtain the optimal
secondary users, each affected by a different set of prims#ys  sensing and access policy which not only provides a perfocma
whose spectrum access activities are static or slowly ngryi benchmark but also enables us to study the impact of spectrum
occupancy dynamics, channel fading statistics, and ensogy
_OThis work was prepared through collaborative participatio the Commu- sumption characteristics of the secondary user on the aptim
nications and Networks Consortium sponsored by the U. S.yAResearch . . . . .
Laboratory under the Collaborative Technology Allianceog?tam, Coopera- sensing and access decisions. However, our complexny/saaal
tive Agreement DAAD19-01-2-0011. The U.S. Government ishatized to  indicates that the optimal policy is computationally exgiga.

reproduce and distribute reprints for Government purposgwithstanding any  \\e therefore exploit the underlying structure of the proble
copyright notation thereon.



to reduce the computational complexity of the optimal polic can also choose not to hop to any channel and turn to sleep mode
We also provide a suboptimal solution whose computationalintil the beginning of next slot.
complexity can be systematically traded off with its penfiance.
Referred to as the greedy-strategy, this approach maximizes B. Energy Model
the throughpqt of the secondary user in a fixed tw_ne wmd_ow We assume that channels between the secondary user and its
of w slots. Simulation result shows that as the window size, ..~ . : . .
: ) destination follow a block fading model. That is, the chdmyzén

w increases, the performance of the greedgtrategy quickly . . . : . .
aporoaches the ontimal performance in a slot is a random variable (RV) identically and indeperttje

PP P b ' distributed (i.i.d.) across slots but not necessarilyd.i.cross
channels.

Let F,(n) and E(n) denote, respectively, the energy con-
sumed in sensing and accessing channéh a slot. For sim-
plicity, we assume that sensing energy consumpfiiin) is

Il. PROBLEM STATEMENT

Consider a spectrum consisting &f slotted channels, each
with bandwidthB,, (n = 1,---, N). The spectrum is licensed

to a primary network. Le5, € {0 (occupied),l (idle)} denote identical for all channelsE;(n) = e, for everyn. Note that the

the availability of chagneln in a slot. We assume that the ;.. <mission energy consumptidiy(n) is a RV depending on
spectrum occupancy =[Sy, ..., Sy| € {0,1}" follows @  the current fading condition of channel In general, the better
discrete Markov process with" states. the channel condition, the lower the required transmissitergy.

We consider an ad hoc secondary network where there is ncet L be the number of power levels at which the secondary user
central coordinator or dedicated communication/contnalmel.  can transmit and;, the energy consumed in transmitting at the
Secondary users, each powered by a battery with initialggner k-th power level in a slot. The transmission energy consusnpti
&, independently seek instantaneous spectrum opportsiitie  Eiy (n) thus has realizations restricted to a finite &gtgiven by
theseN channels. At the beginning of each slot, a secondary user A
with data to transmit chooses at mdgt(1 < M < N) channels Ex(n) € &x = {ex}i—o (1)

to sense and then decides whether to access these channels Lo
\é(hereO < el <...<e¢ep <ooandey = 0 indicates that the

according to the sensing outcomes. Our goal is to determin . 5
the sensing and access decisions sequentially in eachosk s secondary user does not transmit. We also consider theyenerg
consumed in sleeping mode of the secondary user.

to maximize the total expected number of information bitstth ©»

can be delivered by a secondary user during its batteryrfiéet Let £ denote the residual energy level of a secondary user at
For ease of presentation, we assuhde= 1. Our results can be the beginning of a slot. Note thd is a RV determined by the
generalized ta\/ > 1. channel conditions and the sensing and access decisiorlk in a

previous slots. Thusk belongs to finite sef,. given by
A. Protocol Structure

L
A channel only presents an opportunity to a pair of secondary Eec& 2 {e:e=& — Z ck(es +ex) — cep, )
users if it is available at both the transmitter and the rezei k=0 ©
Hence, spectrum opportunities need to be identified joibtly e>0,¢¢c,>0,¢,0c, € 2} U{0},

the transmitter and the receiver [9]. Next, we briefly comtnen .
on the implementation of the protocol. wherecy, is the number of slots when the secqndary user chooses
. _ to sense a channel and then transmit over it atitte power

Suppose that the ”ar‘sm'“?r.‘?‘”d the receiver have tu_ned Igvel andc is the number of slots when the secondary user turns

the same channel after the initial handshake as described B sleeping mode.

[9]. At the beginning of a slot, the transmitter and the reeei

hop to same chanrlellf the channel is sensed to be available, 1T

the transmitter generates a random backoff time. If the whlan

remains idle when its backoff time expires, it transmits arsh The energy-constrained OSA can be formulated a constrained

request-to-send (RTS) message to the receiver, indicétiag POMDP, which is usually more difficult to solve than an un-

the channel is available at the transmitter. Upon receititegy  constrained one. By absorbing the residual energy levehef t

RTS, the receiver estimates the channel fading conditiimgus secondary user into the state space, we reduce a constrained

the RTS, and then replies with a clear-to-send (CTS) messag?OMDP to an unconstrained one. Based on the theory of

if the channel is also available at the receiver. The receivePOMDP, we obtain the spectrum optimal sensing and access

also informs the transmitter of the current fading conditmy ~ policy.

piggybacking the estimated channel state to the CTS. After a

successful exchange of RTS-CTS, the transmitter and tieéveec ~ A. An Unconstrained POMDP Formulation

can _commllj(nlcatledover this channel. '?t lt?je end of th!s ?’I@I’ M state Space In each slot, the network state is characterized by
receiver acknowledges every successful data transmisisiote . . rrent spectrum occupangye {0,1}" and the residual

that at the beginning of each slot, the transmitter and tbeiver energy levelE ¢ &, of the secondary user at the beginning of
this slot. The state spacg can be defined as

. OPTIMAL ENERGY-CONSTRAINED OSA

INote that the protocols developed in this paper can enswrdramsceiver
synchronization without the help of any dedicated commativa or control A N
channel. See details in III-C. (S,E) e S={(s,e) :s€{0,1}", e c &, }. (3)
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Action Space After the state transition of spectrum occupancy atwhere pa(lc)é Pr{Ei(a) = e} is the probability that the
the beginning of each slot, the secondary user can eitharseho fading condition of channeh requires the secondary user to

a channela € {1,...,N} to sense or turn to sleem (= 0).  transmit at the:-th power level, and,; is the indicator function:

If the secondary user chooses chanmeb sense, then it will 1j,; = 1 if = is true and O otherwise. Note thdp,(k)}i_,
obtain a sensing outcom®, € {0, 1, ..., L} which reflects the are determined by the fading statistics of chanaednd are
occupancy state and the fading condition of the chosen @hann independent of the spectrum occupancy state. From (6), we ca
0, = 0 indicates that channelis busy (.e., S, =0) and®, = see thatzﬁzo qé“)(l@) = 1 for any spectrum occupancy state
k(k=1,...,L)indicates that channelisidle (.e.,S, = 1)and s € S and any chosen channele {1,..., N}.

the fading condition requires the secondary user to traretrtiie Note that if the secondary user turns to sleep, then it will no

k-th power level (e., Eix(a) = e;). Given sensing outcom®.,  have any sensing outcome. We can defip€’ (k)} as arbitrary
the secondary user decides whether to transmit over theeghos, | jes that satisfp L " (k) = 1. For simplicity, we define
channel. Let®,(k) € {0 no access] acces$ (k = 0,...,L) (0)(k) -1

denote the access decision under sensing outéyme k. Since s (k=0

we have assumed perfect spectrum sensing, the accesdecisReward Structure At the end of eaagh(@SISt’ the secondary
under®, = 0 (busy) is simple,(0) = 0 (no access). In this USEr obtains a non-negative rgwalﬂ%,’@: """ depending on
case, secondary users will not collide with primary users. its residual energy at the beginning of this slot, the sensing

The action spaced consists of all sensing decisiomsand outcom_e@m and the sensing and_ access .deC'S.'(m@“(@“))'
access decisiond é{q; (1) (L) Assuming that the number of information bits that can be

transmitted over a channel in one slot is proportional to the

(a,®,) € AL {(0,[0,...,0)YU{(a, ) :a € {1,...,N}, channel bandwidth, we define immediate rewﬁfg’g’j(@“)) as
A
$2[0(1).....¢(L)] € {0,1}}. (4) Pe5.(0.) A {o, a=0,
E,0, =
Note that the access decisidn, associated with sensing action q)a(ea)Bal[E—es—Eeazola a7 0.
a = 0 (sleeping mode) is determined b, (k) = 0 for all  That is, a reward is obtained if and only if the secondary
1<k<L. chooses to sense and access.,(a # 0, ¢,(0,) = 1) an

Network State Transition Recall that the network state consists idle channel ite., ©, # 0) and its residual energy is enough

of two parts: the spectrum occuparfeyand the residual energdy  to cope with the channel fade in the selected channel, (

of the secondary user. At the beginning of each slot, thetapac  F — e, — eg, > 0). Note that no reward will be accumulated

occupancyS transits independently of the residual enerly once the battery energy level drops beley+ 1, wheree; is

according to transition probabiliti®s ¢ }, whereps o denotes  the least required transmission energy. Hence, the topsated

the probability that the spectrum occupancy state traffigite  accumulated reward represents the total expected number of

s € {0,1}" to s’ € {0,1}". In this paper, we assume that information bits that can be delivered by the secondary user

the spectrum occupancy dynamigs ¢ } are known and remain during its battery lifetime.

unchanged during the battery lifetime of the secondary.user Belief State At the beginning of a slot, the secondary user
If the secondary user decides to choose channele has the information of its own residual enerdy but not the

{1,...,N} to sense in this slot, then it will consume in  current spectrum occupancy sta&e Its knowledge ofS based

sensing andd,(0,)ce, in transmitting. Thus, at the end of on all past decisions and observations can be summarized by a

this slot, the residual energy of the secondary user rediaces belief stateh = {\s}scq0,13~ [10], where)s is the conditional

E' =Tg(E | a,0,,0,(0,)): probability (given the decision and observation histohgttthe
To(E | 0,04, Pa(04)) netW(_)rk s?ate iS = s at the beginning of this slot prior to the
transition in the spectrum occupancy state.
— E—ep, a=0, (5) At the end of a slot, the secondary user can update the belief
max{E —e; — ®4(0q)c0,,0}, a#0, state A for future use based on sensing actiorand sensing
. . g A
wheree, is energy consumed in the sleeping mode. outcomeO,, in this slot. Specifically, leA" =7, (X | a, k) denote

Observations Due to partial spectrum sensing, the secondar);he updated belief state whose elemgntienotes the probability

user does not have full knowledge of the spectrum occupandy@t the current spectrum occupancy stat€ is s given belief

state in each slot. It, however, can obtain the occupanty sfa state) at the begin.ning of this slot and the pbservat@gl: k
of chosen channel in the current slot. Applying Bayes rule, we

the chosen channel € {1,..., N} from sensing outcomd.¢., o
observation)9,, € {0,1,...,L}. Let qé“)(k:) be the probability obtain \; as
that the secondary user obserés = k in the chosen channel AL =Pr{S=s|\a,k}
a given current spectrum occupancy st8te- s. Under perfect S AeDsrs a=0
spectrum sensing, we have that _ SZ \ ;p’ 1L ’ (8)
. s’ '8’ Ps’ ;s [sa=1[k20]] a 7,5 0
qé )(k) = Pr{@a =k | S = S} Zs” Zs/ /\s/Ps’,s”l[sgzl[k#]] ’ ’
_ lropa(k),  if a#0,80 =1, (6)  where the summations are taken over the spfed } VY of
Lik=0]s if a#0,s,=0, spectrum occupancy stafe Note that when the secondary user
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turns to sleeping modes (= 0), no observation is made and beginning of each slot in order to carry out the communicatio
the belief state is updated according to the spectrum ocmypa [9]. Here we show that the optimal sensing and access policy
dynamics{ps s} developed in Section IlI-B ensures transceiver synchaditn.
Unconstrained POMDP Formulation We have formulated the The protocol structure described in Section 1I-A ensured th
energy-constrained OSA as a POMDP problem. A poficgf  both the transmitter and the receiver have the same infiomat
this POMDP is defined as a sequence of functions: on the occupancy state and the fading condition of the sensed
A oN channel in each slot. Hence, at the end of each slot, themiigns
m= s pzs e [0,17 X & — A, ter and the receiver will reach the same updated belief state

where{a, ®,} = j.(\, E) maps every information stata\, ), using (8) and the same residual enefgpf the transmitter using
which consists of belief stata € [0, l]zN and residual energy (5). Since the channel sglection is determiqed by_the inddion
E € &, at the beginning of slot to a sensing decision state (A, E), the transmitter and the receiver will hop to the
a € {0,1,...,N} and a set of access decisiods, = Same ghannel in the next sldk., transceiver synchronization is
[@,(1),...,D.(L)] € {0,1}E, maintained.

The design objective is to find the optimal poliey* that

maximizes the total expected reward: IV. OPTIMAL PoLicYy WITH REDUCED COMPLEXITY

o (a:24(04))
> RS Ee ®

t=1

™ = argmax E,
s

AO] ’ ©) Although the value function given in (10) can be solved
iteratively, it is computationally expensive. In this dent we

where A, is the initial belief state given by the stationary dis- st identify the sources of high complexity of the optimalipy
tribution of spectrum occupancy. We thus have an uncom&tai 54 then reduce the complexity accordingly.

POMDP.

B. Optimal Policy A. Complexity of the Optimal Policy

Let V(X, E) be the value function, which denotes the maxi-
mum expected remaining reward that can be accrued when the We measure the computational complexity of a policy as the
current information state i\, £). We notice from (7) that the humber of multiplications required to obtain all sensingdan
value function is given by (X, E) = 0 for any information — access actions during the secondary user’s battery liéefim
state (X, E) with residual energy? < e, + ;. For any other ~When initial belief state and battery energy are given.

information state, its value functioW' (A, FE) is the unique From (10), we notice that the optimal sensing and access
solution to the following equation: action in the first slot depends on the value functions of all
I possible information states during the battery lifetiieHence,
V(A E)= max u,(f) [R%z-,]f(k)) the computational complexity of the optimal policy is detared
(a.P)eA = ' (10) by the number of multiplications required to calculate tiadue
+V(Ta(A | a, k), Te(E | a, k, ¢(k)))], functions of all possible information states.

: . . . Following the complexity analysis in [11], we can calculate
where 7y(A | a, k). is the updated belief state given in (8), the number of all possible information states, £') during the
TE(E|5’§’¢(k)) is the reduF:ed battery epgrgy given |n_ (5). secondary user’ battery lifetime. Specifically, notingnfrd8)

and w, = Pr{©, = k[A} is the probability of observing ihat the updated belief state is the same under all non-zero
0O, = k given belief state\, which is determined by the spectrum sensing outcomesk(# 0), we can see that each information

occupancy dynamics and the channel fading statistics: state (X, E) can transit to at mosL + 1 different information
Ugf) _ Z A Z Ps' s qéa)(k). (11) states under sensing actians# 0 but only one under sensing

actiona = 0. Hence, for fixed initial information state\,, &),
the number of all possible information states is on the oader

In principle, by solving (10), we can obtain the optimal Segs ~ O((N (L +1))”~'), which is exponential in the battery lifetime
and access actiorfg*, ;) that achieve the maximum expected 7 and polynomial in the numbe¥ of channels. Moreover, from
rewardV (A, ) for each possible information stafd, £'). We  (10) and (11), we can see that it requit@é3|.4|2V 2V (L 4 1))
can also obtain the maximum expected number of informatiomultiplications to calculate each value function, whe#é is the
bits V,,+ that can be delivered by a secondary user during itsize of the action spacel is the dimension of the belief state,
battery lifetime asV,,; = V(Xo, &), whereXq is the initial  andL + 1 is the number of possible observations. Therefore, the
belief state. computational complexity of the optimal policy is on the erd
of O3|A]2N2N(L + 1)(N(L + 1))T-1). We can see that the
complexity is mainly caused by the following three factol$:

Without a dedicated communication or control channel,gran the numberO((N (L + 1))T~1) of possible information states;
ceiver synchronization is a key issue in distributed MACigies 2) the size|.A| of the action space, and 3) the dimensih of
for OSA networks [9]. Specifically, a secondary user and itghe belief state. We will address the first factor in Sectiornv
intended receiver need to hop to the same channel at thais section, we focus on the other two factors.

s’e{0,1}N se{0,1} N

C. Transceiver Synchronization
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B. Reduction of Action Space Size

Careful inspection of (5), (7) and (10) reveals that the gtan
Rf;f(k)) +V(Th(A|a, k), Te(F | a, k, ¢(k))) inside the square
parenthesis of (10) only depends on th¢h entry ¢(k) of the
access decisiogp and is independent ab(:) (i # k). We can
thus simplify (10) as

(a,¢(k))

L
(a)
R
ae{glﬁ)f,zv}{,;)u’“ ¢<k1>nea{)5,1}[ Eik

+ V(Ix(Ala, k), Te(E | a, k, ¢(k)))]}-

Note that the maximization in (12) is taken over the spacé wit
size O(2NL) increasing linearly with the numbet of power
levels, while that in (10) is taken over the action spaceshose
size O(N2%) increases exponentially with.

In Proposition 1, we show that the optimal access decidipn
for sensed channel is of threshold type.

Proposition 1: Given the belief statee and the residual

V(INE) = (12)

energy levelE of the secondary user at the beginning of a

slot, there exists a thresholkf: associated with sensing action
a € {1,...,N} such that the optimal access decisi@j =

[95(1), -, ¢5(L)] is given by
1, ifk<k}
k)y=<" - 13
9a(k) {0, if &>k, (13)
Proof: Assume¢*(k*) = 1 for somel < k¥ < L.

For anyl < k < k;, we haveey < ¢g:. From (5), we
have 7z (E' | a, k,1) > Tg(E|a, k2, 1) and Tg(F|a,k,0) =
Te(E|a,kk,0). From (8), we havely(A|a, k) = Ta(Aa, k}).

and g, = Pr{S/, = 1|S, = 1} the probability that channel
remains idle. Then, (12) reduces to
max

1— o
ae{o,l,...,N}{( “a)
X ‘A/(Ij;\(w | a, O)a TE(E | a, Oa O))

V(w,E) =

- (a,¢(k)) (14)
+ W o(k) max [Ry
;p ( )¢(k)€{071}[ E,

+ V(T (w|a, k), Te(E | a, k, $(k))]},

wherewy, 29, wh = wefa + (1 —we)ay (@€ {l,...,L})is the
probability that channed is available in the current slot given
w, Tg(E | a, k, ¢4 (k)) is the reduced battery energy given in (5),
and the updated belief state2 [wr,. .., wy] = Ta(w]|a, k) is
given by

0, if a20,n=a,k=0,
Wy =<1, if a20,n=a,k#0,
w!, otherwise.

n’

(15)

V. SUBOPTIMAL ENERGY-CONSTRAINED OSA

From (10), we notice that the optimal sensing and access
decisions in a slot rely on the value functions of all possibl
information states in the remaining slots, which signiftban
increases the computational complexity of the optimal gyoli
In this section, we provide a suboptimal solution to energy-
constrained OSA, which reduces the number of value funstion
used in decision-making. We show that the computational-com

Combining the above observations and noting that the toPlexity of this suboptimal strategy can be traded off with it

tal expected reward/ (A, E') increases withE for any fixed
A, we can show thatB, + V(7x(A|a, k), Tg(E|a, k,1)) >

V(Th(A|a, k), Te(F | a, k,0)). Thereforeg®(k) = 1 for any
1 < k < k. The existence ot} follows from the fact that
there are a finite number of observations.

Proposition 1 can help us avoid the search for optimal acce
decisions in some scenarios, resulting in further compfexi
reduction. Specifically, for each sensing actionz 0, we can
calculate the optimal access decisigrjgk) in a decreasing order
of sensing outcomé. Once we have’ (k*) = 1 for a certain

value ofk*, we can determine the optimal access decisions for all

remaining sensing outcomgs< £* without further computation.

C. Reduction of Belief State Dimension

Assume that the spectrum occupancy evolves independently

across channels. It has been shown in [7] tha [wis ... wn],

wherew,, denotes the probability (conditioned on all previous

decisions and observations) that channeis available at the
beginning of a slot prior to the state transition, is a suffiti
statistic to belief state\. Note that the dimension e increases
linearly O(N) with the numberN of channels while that oA
increases exponentiallp(2™).

Applying the belief statey, we can simplify the value function
given in (12). Specifically, letv,, = Pr{S], = 1|5,, = 0} denote
the probability that channel transits from O (busy) to 1 (idle)

performance.

A. The Greedyw Approach

Referred to as greedy-approach, the proposed strategy max-
imizes the total expected reward in a time windowo$lots. Let
US“)(A, E) denote the maximum reward that can be accumulated
in a window of w slots given information staté\, E') and
sensing actior.. We can caIcuIaté’u(,“) (A, E) recursively by

YN E) =0

L
VOO E) = 3
k=0

YO UT(A k), Te(E| a,k, 6(k)))],

max  [RLOE)

o(k)ef0.1} (16)

max
be{0,1,...,N}

Whereugf), Ta(Ala, k), and7g(F | a, k, ¢(k)) are given in (11),
(8), and (5), respectively. From (16), we can see that forany
VSN E)=0if E<e,+e.

Given belief state and residual energy of the secondary
user at the beginning of a slot, the greadyapproach chooses
channela,, that maximizes the reward obtained in the next
slots to sensd,e.,

YD\, E). (17)

G, = arg — max

a€{0,1,...,N}
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Given sensing outcomé € {1,...,L}, the access decision total expected number of information bits that can be dediste

¢a,, (k) of the greedyw approach is given by by the secondary user during its battery lifetime as a fomotif

the initial energyt,. We considerV = 2 independently evolving

(18) channels with different occupancy dynamics. As the window
(b) size w increases, the performance of the greedyapproach

+ be{Iﬁi(N}wal(TA(A | @, k), To (B | @w, , §))1}- improves. It quickly approaches the optimal performancevas

increases.

a k — R(aw;¢)
Pa,, (k) arg(ﬁggﬁ}{ Bk

Since its channel selection is determined by the informadtate

(X, E), the greedyw approach ensures transceiver synchroniza- The above observations show that the computational complex
tion as shown in Section 1lI-C. ity of the greedyw approach increases while its performance loss

as compared to the optimal performance decreases as thewvind
sizew increases. Hence, by choosing a suitabjehe greedyw
approach can achieve a desired tradeoff between comphaxity
performance.

Next, we consider two extreme cases of the greedstrategy.
Case 1:Whenw = 1, the greedyt approach focuses solely on
maximizing the immediate reward. Specifically, the secopda
user employing greedy-approach chooses the channel with the

maximum expected immediate reward and transmits whenever VI. NUMERICAL EXAMPLES
the channel is sensed to be available: Careful inspection of (10) reveals that a sensing and access
L (@) p(@>bay (k) action (a,¢) € A affects the total expected reward in three
“ :argaef{%}fmz k TTEk ’ (19) ways: 1) it acquires an immediate rewafﬂ(g’,f(k)) in this
h=1 slot; 2) it transforms the current belief stade to TaA(N\ a, k)
Par (k) = Lpi0)- which summarizes the information of spectrum occupancy up
The greedy-1 approach has the lowest computational coritylex to this slot; 3) it causes a reduction in battery energy from
but worst performance as illustrated in Fig. 1. E to 7g(FE,a,k,¢(k)), leading to a shorter remaining battery

Case 2:Consider the case when window size exceeds the lifetime. Hence, to maximize the total expected reward royri
maximum battery lifetime of the secondary user. In this casebattery lifetime, the optimal sensing and access policyukho
the network reaches a terminating state in less thaslots achieve a tradeoff among gaining instantaneous rewardingi
regardless of the sensing and access strategies. Sincevamire information for future use, and conserving energy. In teigtion,

is accumulated after the network reaches a terminating,sta¢ ~ we study the impact of spectrum occupancy dynamics, channel
greedyw approach is equivalent to the optimal strategy. fading statistics, and energy consumption charactesistic the
optimal sensing and access actions.

To sense or not to sense? The secondary user may choose to
sense in order to gain immediate reward and channel occypanc

B. Complexity Vs. Performance

M= Optmal T information, but not to sense in order to conserve energycele
—— Greedy-3 the optimal decision on whether to sense should strike anbala
2 1 | between gaining reward/information and conserving eneigy
§ Fig. 2, we study the optimal sensing decisidp-.q in a
g particular slot under different spectrum occupancy dymrarand
g belief states.
E Il ©,=[0505]
D m2:[0‘0]
) * ) * Initial ;nergy N ’ " ' g£
Fig. 1. The number of information bits that can be transmitig the secondary i
user during its battery lifetimeV = 2, [B1, B2] = [1, 1], [a1, a2] = [0.2,0.6], =
[81,82] = [0.8,0.8], es = 0.5, ¢p = 0.1, L = 2, Eix = {1,2}, pn(1) = 0.8, —
pn(2) =0.2forn=1,2. | _ B

T 02 04 3
Primary Occupancy Dynamics a

We can see from (17) and (18) that the sensing and access
decisions made by the greedyapproach in a slot only depend Fig. 2. The optimal decisioni,«q on whether to sense under different

on the value functions of all possible information statestia Sgeitxngsoicg%"”‘”:;’j%’???‘icsz?itxe':'ef{itifspj (f) [f;n?;)} ::O%’fﬂr'
nextw slots. Hence, the total number of value functions requwecf1 =1,2.

to determine the sensing and access decisions during \batter

lifetime 7" is on the order ofO((N(L + 1))*~'T), which is We considerN = 2 independently evolving channels with
linear inT'. Clearly, the computational complexity of greedy- identical spectrum occupancy dynamias = a» = « and
approach increases with. B = B = B. We assume that = 1 — «a. Hence, the

Next, we compare the performance of the greedgpproach stationary distribution of spectrum occupancy stitie given by
with the optimal performanc® (X, &). In Fig. 1, we plot the w; = [0.5,0.5]. Consider another belief state, = [0,0] with
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which the secondary user has full information on the spettru riences deep fading is small (see the upper plot), the sacgnd
occupancy prior to the state transition in this slot. Cdodiéd  user should avoid transmitting under poor channel reatinat

on the belief states at the beginning of this slot, the céotid ~ because the waiting time for a better channel realizatiahst
probability that channel is available can be calculated as and hence the energy wasted in waiting can still be lower than
Pr{S, =1|wi} =0.5 andPr{S, = 1wy} =aforn=1,2. the extra energy needed to combat the poor channel condition
From Fig. 2, we find that the secondary user chooses not t®n the other hand, if the channel tends to have poor fading
sense only when the conditional probabil®{S, = 1|w} conditions (see the lower plot), the secondary user shaddsf
that the channel is available is very small. We also find thabn gaining immediate reward because of the long waiting time

the secondary user always chooses to sense if the beliefistat for better channel realizations.

given by the stationary distributian; of the spectrum occupancy
dynamics. The reason behind this is the monotonicity of tiees
function V(w, E) in terms of battery energy. Specifically, if

VII. CONCLUSION

In this papet, we obtained the optimal sensing and access

the secondary user chooses not to sense, then its belief stgolicy for energy-constrained OSA by formulating the réisgl
at the beginning of next slot will remai; but its battery  problem as an unconstrained POMDP. We proposed a suboptimal
energy will be reduced by, due to energy consumption in the solution, called greedy:, whose computational complexity can
sleeping mode. The maximum total expected reward that cape systematically traded off with its performance. Nungdric

be obtained is thus given by (w, E — ¢,). Since V(w, E)
increases with the battery energyfor every fixedw, we have

results demonstrated that the optimal sensing and access de
sions should take into account not only the spectrum ocaypan

V(wi, E) > V(wi, E—e,) and hence the secondary user shouldgynamics but also the channel fading statistics and theggner

choose to sense whenever it has a stationary belief state.

1 1 1]

- (16
Cle@
()

Whether to Access ¢

consumption characteristics of the secondary user.

Throughout this paper, we have assumed perfect spectrum
sensingj.e., the sensing outcome reflects the true channel state.
Our future work on energy-constrained OSA will address the
design of spectrum sensing and access policy in the presénce

° Lonsing Eneray & spectrum sensing errors.
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