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Abstract—The listen-Before-Talk (LBT) strategy has been
prevalent in cognitive radio networks where secondary user
opportunistically access under-utilized primary band. To min-
imize the amount of disruption from secondary users to primay
signals, secondary users generally are required to detecté
presence of the primary user reliably, and access the spectm
intelligently. The sensing time has to be long enough to ackve
desirable detection performance. When the primary signalsare
relatively weak, long sensing time is needed which reduce$e
secondary transmission opportunities. In this paper, we geer-
alize the packet-level LBT strategy by allowing the seconds
user to potentially transmit multiple packets after one sesing,
and study the optimal control policy to determine the conditons
under which the secondary user should sense the channel.

In spectrum overlay systems, a secondary receiver can prale
feedback information (through acknowledgement) on whethe
a collision with the primary user is detected. However, such
detection and the corresponding feedback may not always
faithfully report all collisions observed by the primary user in
practice. Therefore, we also consider the impact of imperfet
collision detection on the access control policy. We show &l the
optimal spectrum access control policy has a simple threshad
based structure, where the secondary user transmits consetive
packets until the estimated probability of the primary user being
idle falls below a threshold, and senses the channel othersg. We
also obtain a closed-form solution on the optimal access goy for
a special case when there is no acknowledgement in the netvor

|. INTRODUCTION

Fig. 1) implicitly or explicitly, i.e., before transmittg every
packet, the SU senses the PU channel for a fixed amount
of time [1], [2], [3], [4]- The sensing cost in terms of time
overhead is often neglected in the problem formulation for
packet-level sensing.

While packet-level sensing simplifies the design of
PHY/MAC layer protocol, it is not necessarily optimal, es-
pecially when the sensing may occupy a large portion of
the transmission time. For example, when the PU signal
strength is wealk, it requires a larger number of data samples
to achieve a good detection performance, which is crucial
to the protection of the QoS of the PU. Alternatively, when
cooperative sensing schemes are used by a group SUs, the time
spent on exchanging sensing information could be in therorde
of packet length. In these scenarios, the overhead intextiuc
by fixed sensing time per transmission is no longer negkgibl

Additionally, perfect collision detection is often assuine
in previous works. Perfect acknowledgement can accurately
reflect whether the SU packet collides with the PU. However,
this is not true in practical systems. In other words, it is
difficult to detect the collision with the PU without errorh&
difficulties result from the captured effects at both theraiy
receiver and secondary receiver. The captured effectsftame o
observed in multiuser wireless communication systems due t
the random fluctuation on the power of desired signal and

We consider opportunistic spectrum access by secondHifrference power from other users. _ _
users when the spectrum is allocated to a legacy user (grimar herefore, two questions remain of strong interest to us in
user). The primary user (PU) owns the spectrum; hence, fiés work:
transmission from the secondary user (SU) should leadtl® lit . What is the optimal sensing-transmitting strategy? Is it
interruption to the PU. In other words, the secondary spettr optimal to perform LBT on packet level, especially when
access should be non-intrusive. We consider the spectrum- the sensing time is large?
overlay (or spectrum weaving) scenario for cognitive radio  What is the impact of imperfect acknowledgement, which
networks, where the SU is allowed to transmit with full power  may not faithfully indicate the presence/absence of the
when the PU is absent. PU, as well as the interruption to the PU?

In a spectrum-overlay system, it is critical that the SU is
capable to detect the presence of the PU reliably. Therefoge
the spectrum access of the SU often adopts the Listen-BefO(&
Talk (LBT) principle, according to which the SU perform
sensing before transmission. While this principle is we-]
tified, many existing works on opportunistic spectrum asce
assume a typical packet-level sensing model (as illustrate

In this paper, we try to answer the above two questions.
st, we consider the cost of sensing in terms of time, and
mulate the control of the SU spectrum access using a
Markov decision process. We adopt average reward per time
unit as the objective function of the optimal control prahle
With this generalization on the access model, we address the
question of whether the packet-level LBT is optimal. It isa

that the packet-level LBT is a special case of the optimal
policy. We also consider imperfect acknowledgement froen th
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Sonsinffffil]  Transmissidn | ACKINACK(] , authors use optimal sequential decision process theory to
show that the optimal joint channel probing and transmissio
F ! W 2 W - 3 strategy has a threshold based-structure. However, tlsere i
‘ ‘ ‘ ‘ Time no penalty on the collision with the PU. In [1][19] [20] ,
partially observable MDP theory (POMDP) is used to derive
the structure for the optimal opportunistic spectrum asces
! 2 s m M:H policy (including channel selection, operating point of th
T T T Time spectrum sensor, and the access decision) with constraint o
Generaiized Sensing Struchure the collision probability observed by the PU. It was showat th
myopic policy is often optimal for many cases by exploiting
the inner structure of the spectrum access problem. In [22],
throughput limit of SU access under the collision probapili
secondary receiver, which is different from most of exigtinconstraint is found when the PU idle time follows expondntia
works. Therefore, the results obtained here are more genegstribution. However, they assume perfect sensing which
Using the optimal stopping theory [5] [6], we show that théoes not have a time overhead. In [4], a simple periodic
optimal spectrum access policy has a simple thresholddbasensing scheme for choosing primary channels with high idle
structure, where the posterior probability of the PU beitig i probability is proposed for the SU to exploit the spectrum
is compared to the threshold. This result coincide with tr@pportunities.
heuristic that the SU should continue transmitting packat However, all of the aforementioned works adopt a packet
the estimated idle probability falls below the thresholdr B level LBT structure, and/or do not consider the sensing cpst
special case, we derive the closed-form solution for thengglt overhead. Also, they often assume that the collision detect
control on the SU’s spectrum access. is perfect with the acknowledgment mechanism, which is
unrealistic in many practical systems. Our work differs loatt
we use a more flexible sensing/transmission structure based
Encouraged by the potential spectrum policy reform in FCOBT principle, and consider the impact of imperfect cobisi
[7] and the progress made in DARPA XG program [8], thdetection on the control policy of the opportunistic spetr
field of cognitive radio has thrived in recent years (see [9ccess.
[10], [11] and references therein).
Both centralized spectrum leasing/auction schemes (e.g. . SYSTEM MODEL
[12]-[13]), and distributed channel allocation and scHedu  We consider a system consisting of a PU, and a SU that
algorithms (e.g. [14], [15], [16]) have been proposed to ewpportunistically accesses the PU channel. The PU state is
able the spectrum sharing among users with cognitive radither busy or idle, with the duration of the idle and busy
capabilities in different network scenarios. For examjte, states following exponential distributions. The meanshef t
[16], authors consider the cross-layer optimization onfiive  busy and idle time are denoted by and 1/, respectively.
routing, scheduling, channel allocation, and power cdrifo The PU transmits its traffic at will. In other words, it doed no
cognitive radios to improve the spectrum efficiency of thperform any sensing functionality.
multihop software defined networks. However, there is a lack The SU uses a spectrum sensor to detect the state of the PU.
of consideration on the interplay between the PU behavidr aifhe access of the SU follows a slotted-structure, as shown in
SU access, which is important especially for the opportimisFig. 2. We assume that the SU transmits a packet with a fixed
spectrum access of the SUs within the spectrum overllngth A. We further assume thatA <« 1, A < 1, i.e,
framework, where Listen-Before-Talk principle is emplzasi. the duration of SU packet is set to be much shorter than the
There are also works studying the schemes where the c®Y) busy/idle cycles. Since shorter SU packet duration issmor
nitive radio actively relays the packet transmission of ¢ favorable for the SU to exploit the spectrum opportunitibis
in the hope of creating more spectrum opportunities [1@] [1setting is reasonable. The sensing time is denoted,byrhe
for itself. However, it requires that the SU can decode the FRU state transition can be described as in Fig. 3. Here, we
packets and the PU transmission adopts some retransmississume that the SU is aware of the transition probability of
mechanisms, which is difficult for PUs offering broadcaghe PU states, obtained through measurement. We assume that
services and SUs which are not in favourable locations. the sensing time is long enough such that the sensing error is
The closest related works within the framework of spectrumegligible.
overlay include the joint PHY/MAC designs of channel selec- After each ST’s transmission, the secondary receiver may
tion, channel sensing/probing, operating points of spectr feedback an acknowledgement upon receiving the packet.
sensor for cognitive radios [1], [2], [3], [19], [20], [21]22], Different from the traditional means of acknowledgemems, t
[4]. For example, in [21], adaptive queueing and Lyapunacknowledgement mechanism here serves dual purposés. Firs
optimization are used to design online access control aitdvalidates the packet transmission of the SU in the MAC
resource allocation schemes for secondary users under lthyar. More importantly, it provides some information tath
collision probability constraint imposed by the PU. In [3kecondary transmitter on whether a collision with the PU may

Fig. 1. Two Sensing Structures

II. RELATED WORKS



sensin{0 Therefore, we intrpduce.a pengl.ty on the SU if the SU CQIIides
T, A with the PU traffic. This collision cost, denoted Wy, is

V;jfp g » . Vilon o o) important to control the aggressiveness of the SU’s access
: : : : \ ' activities. For each successful transmission, the SU vesei
; s [ ,‘ 2 ‘ ,"” | . ‘ ,‘ beamonSage @ FewardRA, whereR could be the data rate of the channel.
Po s P Po For notational convenience, we normalize\ = 1.
X, = ACK/NACK X, = ACK/NACK X, = ACK/NACK
Fig. 2. Sequences of Spectrum Access V. PROBLEM FORMULATION
1—ed Under normal assumptions, the SU cannot sense the channel
/\ when it is transmitting. However, since observing (or segji

is one of two decision outcomes, the secondary user cannot

N @ e"A observe the state of primary activity directly and compiete
‘ In other words, the decision process at the secondary user is
\/ a partially observable decision process.

1= e Though it is natural to formulate the spectrum access
problem as a partially observable Markov decision process
Fig. 3. Primary user's state transition (POMDP) problem, we find it here easier to define the state

of the system as the posterior probability that the PU is

o ) ) _ _idle and the problem becomes a MDP problem with fully
have occurred. This information assists the SU in contiglli gpservaple state and uncountable state space. Wepuse
its access such that the interruption (here collision) 0l8e 1o denote the state at time slot p, € [0,1]. It can be
by the PU is contained. Since the secondary transmitterctanByoved thatp, is a sufficient statistic to determine the optimal
sense the channel during data transmission, if the PU ®tUfjicy for the originally partially observable Markov dsin
the channel, the PU traffic will be interrupted. In an idegd;qcess [25]. The action space of the SU is denoted by
scenario, an ACK signifies that the SU packet is successfully_ (1 (Transmiy, 0(Sensg}. With imperfect ACK, we define

received and the PU is idle; while a NACK (or absence Gfe immediate reward, (p;, a;) at time slot with statep, and
ACK) means the loss of the SU packet or the return of the PYetion o, as follows:

In other words, the secondary communication pair coordmat

to detect the collision with the PU perfectly. r(pe 1) = p(1—0) + (1 = p)(1 — 71 — ©)
However, under what is known as the captured effect, it is re(pe,0) = 0

possible that the SR can decode the ST’s packet even when P '

the PT is transmitting in practical_system_s. Moreover, tuk| The value ofC' can be adjusted to achieve required protection
of ACK could be a result of collision with th_e PU, or deepbn the PU. To prevent the extreme case where the SU never
channel fades between the ST and SR, or interference frg{Bps transmitting, we assume that> ~o, andp—(1—p)C <

other users. It is also possible that the ACK itself is weal \heres; is the limiting distribution of channel being idle.
Therefore, we view the acknowledgement as inaccurate (I'ﬂen we haver — -, and we have' > £RA
= LRA.

the sense of collision detection), which is different fromj [ : HEA?
[23] [24]. We define the following two probabilities: With the assumption thalA < 1 anduA < 1, we have

e M ~1ande "2 ~ 1, i.e., when the PU is idle (busy), it
y1 = Pr[NACK|Collision with PU will remain idle (busy) with high probability. We assume tha
~o = Pr[NACK|No Collision with PU. the SU should_ sta_\rt the access .actllv|t|es only after sensing
the channel being idle. The question is how many consecutive
With perfect ACK, we havey, = 0 and~; = 1. Here, we packets should the SU transmit before it senses the channel
assume that; > v, i.e., the ACK/NACK feedback can offer again. As shown in Fig. 2, at the end of decision glothe
at least some information on the collision status with the PISU will update its estimation on the PU idle probabilityas
We also assume a steady channel data rate for the SU, Baded on the observation it receives after its chosen action
the SU always has packet to send. The objective of the Sle observation can be either the sensing outcome or the
is to maximize its average transmission rate by intelliyentACK/NACK. Specifically, we have the following observation
deciding whether to transmit a packet or perform sensing mbdel:
each time slot. Within the framework here, the SU acquires
more design freedom to intelligently access the spectrunte N _(a1=0) 1, sensing “idle”
that, the listen-before-talk slot structure is a speciakoaf the bt p) = 0, sensing “busy”
spectrum access policy considered here. ~
Since the PU is the legacy user of the spectrum, the SU ﬁgatzl)( ;) = {Pt(ACK)v ACK

should generate nearly imperceptible interruption to the P p+(NACK), NACK,

1)



where V. OPTIMAL ADAPTIVE ACCESSCONTROL

- 1-—

Pt(ACK) = P~ 70) ) Optimal stopping theory [5] [6] is used to characterize

) Do e structure of the optimal stopping rule for the secondary

Pt(NACK) = : spectrum access. Define

pyo + (1 —p)n
Tr:e system changes to stagte;; following the following Sp(p) = Yy — aTy, 9)
rules:
~ —AA ~ —pA
Pi+1 = pt€ + (L =p)(1 = e™2). @) where p is the initial state, andv can be regarded as a
The access policy of the SU is denoted by = cost per time unit to reach stage According to Theorem

[do,dy,--- ,dy,---], whered, is a function which defines a6.1 in [5] , if for some «, supycc E(Sy) = 0, then

mapping from state spadg = {p;} = [0,1] to the action supyec E(Yn)/E(Tn) = a. In addition, the policy which
spaceA at timet. Assuming that the time scale of the SU'@ttainssup .. £(Sy) = 0 achieves the maximum rate of re-
opportunistic access is much larger than the packet letiggh, turn, i.e.,a. Then, we transfer the problem of maximizing rate
spectrum access in a long time duration can be treated agf#eturn to an ordinary stopping time problem with reward at
repeated trial of a stopping problem. The object of the SU $agen denoted bysS,,. Define Vi (p) = supyec E(Sn(p))

to maximize the average reward over the whole access periad,the maximum expected return given we start from state
which consists ofl repeated trials, i.e., p. First, we show the existence of the optimal rule for the

L N ordinary stopping time problem:
maximize lim ity 2oy 1)/ L 3)

L=o (Y, (Ts + NiA)) /L max  E(Sy). (10)
where N; is the number of packets transmitted in thé vee
trial of the decision process. When it causes no confusidpecifically, we have:
we use N to denote stopping rule which decides whether
to stop transmission based on the whole observation histdr

position 1. There exists an optimal stopping rulé* for

H, = {x1,a1,22, -+ ,x¢}, Or equivalently, on the currentP oblem (10).
system statey,. For stopping ruleV, define Proof: See Appendix . m

N Relying on the optimality equation, the optimal rule has the

Yv=Ymn,  Tn=(T,+NA), (4) following form:

t=1
i.e.,Y, is the accumulated reward until staggeT’, is the total N*=min{n>0:8, >V (x, -,z,)}, (11)
time spent to reach stage

Since the exponential distribution is memoryless, and thehere V,(z1,--- ,2,) = supys, Sn(z1,---,z,) is the

SU always “restart” the access from sensing the channegbemaximum expected reward given the observatidih =
idle, i.e., pp = 1, for fixed policy 7, the expected sum of z,--- , X,, = x,,. Notice that, the optimal value obtained at

reward is identically and independently distributed di), decision stage is determined by the statg,; (as illustrated
as well as the number of packets transmitted in each run.Fig. 2), which abstracts all the observed informatiomfro

Therefore, maximizing the average reward per unit of time, z, -, 2, ). This indicates a time invariance property of
is equal to maximize the rate of retudd(Yy)/E(Tw) [5], the optimal value function, and the expected payoffs atestag
ie., n after observingXy, - -- , X,, is the same as it was at stage
L 0, except that we have an additional cost (or reward) to reach
(o Yn)/L E(YN) P ( )

im =7 = almost surely  (5) statep, ;. Similar arguments can be found $ection 4.5f
L il Tw)/ L E(TN) [5]. Specifically, we have the following results:
Therefore, the optimal spectrum access problem can be ex-

pressed as: V) Vo (Xy, -, Xn) =V, (Pny1)
E(YN n
6 . 12
Nee  B(Ty) ©) = V5 (pny1) —anA + > r, (12)
where =t
C={N:N=z1LE(Iy) < oo} (") where —ana + >, ri denotes the total “reward” accumu-

is the set of stopping rules for which(T) < cc. Since the lated up-to stage.. Then, the rule given by the principle of
collision with the PU has a penalty, we can expect that tlmgtimality is reduced to the following form:

optimal stopping rule always resides i € C. The optimal

average reward per time unit is then expressed as: N* =min{n = 0: S, =V (pn+1)}

. E(Yy) g =min{n >0:S, = V5 (pnt1) — eAn—aTs} (13)
~Nee E(Ty) (8) = min{n > 0 : V§ (pns1) + oTs = 0}.

«



A. A Threshold-based Policy 04

For general stopping time problem with uncountable state 0.35}
space, it is very difficult to find the structure of the optimal 03l
stopping rule using (13). In this section, we show that for
the spectrum access model considered here, the optimaypoli
has a threshold-based structure. With this simple stracthe

0.25r

u(i)

0.2

calculation for the optimal policy becomes the search fer th 0151
optimal threshold, which greatly simplifies the calculatiof 0.1t
the optimal solution. 0.05}

First, we introduce the following Lemma.

0 20 40 60 80 100

Lemma 1. Vi (p) is a convex function gp. Time index
Proof: See Appendix VI-B. [ ] Fig. 4. Optimal Time to Stop Transmission

Theorem 1. The optimal stopping rule to maximize the rate
of return is as belows: the average reward of transmitting until timignote that we

. 1(Transmil, if p, > p* have normalized?A = 1), i.e.,
o= 0(Sensg 0.w ’ (14) ol 1 C
wherep* = max{p: Vi (p) + aTs = 0}. !
b eV (]_D) ) Let:* = min{i : u(i) > u(i+1)}, then we have the following
Proof: See Appendix VI-C. B Lemma (proof in Appendix VI-D).

Generally, it is difficult to obtain the closed-form expriess
for the optimal thresholg* due to the complexity of obtaining
the optimal value functioi;;(p). However, the optimal value =< _
of p* can be found by Monte-Carlo simulations. The result 4 + 1) <ulj).

intuitive. When the channel is more likely to be idle %), This result indicates that(i) reaches its peak at certain
the SU should continue packet transmission rather WaStiOQhJe ofz, and then monotonica”y decreases. The valu&* of
spectrum opportunity on sensing. On the other hand, it woi¢gan be easily calculated using numerically. As an illugirat

mentioning that the typical challenge of finding optimal seof this Lemma, we plot the value af(i) in Fig. 4. It follows
quential decision is to balance between the immediate tewafirectly that

and all possible future payoffs. Without any structure ie th ) o

optimal policy, it requires an exhaustive search over theote 'N€orem 2. The optimal policy in the spectrum access prob-
all possible policies (which is practically impossible)dbtain €M without acknowledgment is to transmit packets and
the maximum throughput per time unit for the SU. Howevefhen sense the channel, where= min{i : u(i) > u(i+1)}.

with the shown well-defined structure for the Optlmal pOllcy The 0pt|ma| p0||cy for the Specia| case is S|mp|y a one-
here, the complexity is significantly reduced since we onbtep-look-ahead policy, and has a closed-form expression.
need to search overe [0, 1. Numerical method can be used to evaluate the value(of
and obtain the optimal solution.
When there is an acknowledgement (though imperfect)
We consider a special scenario where we can obtainpfechanism, the SU can obtain more information about the
deterministic optimal control on the spectrum access fer tPU activities, and thus we expect the SU to achieve a higher
SU. Suppose that there is no acknowledgement mechanisnajerage throughput per time unit than the case without ac-
facilitate the SU to detect the collision with the PU, thee thknowledgement.
state transition probability can be easily calculated hyirsg
Bt = pr. VI. CONCLUSIONS ANDFUTURE WORKS
Here, we assume thag = 1 and~y, = 0. We generalize the Listen-Before-Talk sensing/transimissi
To simplify the description, we séf; = A, and assume structure at the packet level. We develop an adaptive contro
that A\ = u. Obviously, if we perform LBT for each packet,policy to decide whether to sense/transmit in each decision
the maximum throughput we can obtain is reduced by halfage. We also consider the impact of inaccurate collision
because of the sensing overhead. Since the SU access cyaétsction with the PU traffic on the spectrum access policy.
always start with the sensing idle channel, the state ettalua We found the optimal spectrum access policy to have a
is deterministic with random stopping time. We show thaimple threshold-based structure. The optimal accessidaci
the optimal policy for this scenario is a pure policy whichs to continue transmitting a packet when the posterior idle
has a fixed stopping time, and the solution for this simplifiegrobability of the PU is higher than the threshold, and to
problem has a clean structure. Specifically, we defii@ as sense the channel otherwise. With this structure, the @pbtim

Lemma 2. For function u(i) defined in (15), and state
transition defined as in (2) with; = p;, we havey; > i*,

B. Without Acknowledgement



policy can be found by simply searching for the optimgls] A. Sadek, K. Ray Liu, and A. Ephremides, “Cognitive niplt: access

threshold, with which the computation complexity is greatl

reduced. In a special case when there is no acknowledgment,
we derive a closed-form solution for the optimal control ove19]

the opportunistic spectrum access. This further reduces
computational complexity. One possible direction for fetu

work is to study the problem for general idle/busy timeo]

distributions. In addition, it is also of interest to devuelo
an adaptive MAC protocol which can adapt to the dynam
changing PU behavior.
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wherel;, and b, are the length of thé: idle/busy time with
meansl/\ and1/u, respectively. Ifn = 1, z, = l1(R — C).
Obviously, s,, < z,, andsup,, S,, < sup,, Z,,. Define

b
LN

X +a)Ch ()

M =sup{> I (R—a)—(
k=2
Note thatiy, = L, (R—a) — (& +a)C are i.i.d. with mean
as:
R —
A

«

E(W,) = —05%+m

R C
<t _ =
— A uA
<0,

(18)

where we used assumptigh> £ RA, and the fact that* >
0. Next, we prove thafz(W™)? < oo, where

W = max{W,0}.



Let Wy, = Uy — Vi, whereU, = Li-(R—a), Vi = (B2 +a)C,
then we haveéW,")? < (Ux + Vi )?. SinceU, andV}, are two Vi ()
independent exponential random variables with finite mean,
E(W,5)? < oo. /
Using the result in icChapter 4. Theorem i [5], i.e., let _
W, Wi, Wy, --- , be ii.d. with finite meanE (W) < 0, then 0 P P
E(M) < oo if and only if E(W*)? < co. Then, we have
n—1
sup Zy, = sup(Z1 + Y Wi)
. Z, if Z1>7Z21+M
B {21 + M, o.w. transmit zero packet after sensing is optimal. This conaglet

. . . - . - the proof. [ |
Since Z; is exponentially distributed with a finite mean P

B(Z) = B5® < o, and E(M) < oo, then we know D. Property ofu(i)

that E(sup,, Z,) is finite. Thus, we haveF{sup, 5.} < Proof: Since the SU starts from sensing the channel being
E{sup, Z,} < oo, i.e., condition Al is satisfied. Therefore,ge, j.e. p, = 1, we can first show that with assumption
there exists an optimal stopping rulg* for the ordinary ) _— 1, for p,_1 > 1/2, we havep; > 1/2. According to (2)

- Te

Fig. 5. lllustration of FunctionV;; (p)

stopping problem defined in Eq. (10). B andp; = ps, we have:
B. Convexity ofi; (p) pi=picie M+ (1—pis)(1—e B

Proof: For0 < 8 < 1,0 < p1,p2 < 1, we want to Zpi_1(2€_’\A —1)+1 _ e NA (22)
show thatV; (Bps + (1 — B)pa) < AVg (1) + (1 — B)VG (p2). 12

This is accomplished by following the same argument as in

Chapter 3 Lemma 3.ih [6]. Suppose that the initial stateis By induction, we can prove thatj > i*, u(j + 1) < u(j).
determined by flipping a biased-coin with probabilitythat a By the definition ofi*, we haveu(i*) > u(i* + 1), which is
head appears. If a head appears, we choose initial state-asthe same as having

p1, else,p = ps. If we know the outcome of the coin flipping, 1
the most reward we can get#/y(p1) + (1 — 5)Vy'(p2). On C+ Y p(1+C) > i*pi(1+C). (23)
the other hand, the most reward we can get if we do not know Pt

the outcome of the coin flipping i&; (3p1 + (1 —3)p2). Since o . , o
we can always do no worse with more information, we ha\};eolrji/ a>lelnt' t\gir\]’z E:C::] totﬁggvi?;n_(f * (11)f g)@’ Wh|cEr11_|i_s
the result thal/;"(p) is convex inp. [ | Cq). Whenj — i* + nge have k=1 Pk =JP;

C. Optimality of Threshold-Based Policy RHS = (i* + 1)[pi (22 — 2) + 1 — )1 4 C)

Proof: By the principle of optimality, the optimal policy -
has the following form: LHS — Z 1+ C)+CHpr(1+C)+C
N*=min{n>0:5, =V, (1, - ,z,)} k=1
>i'pi(1+C)+pr(1+C)+C (by 23)

min{n = 0 (Pr1) = aln + ;”} (20) Then, using (23) and the conditign- > 1/2, we have

=min{n > 0: Vj (pps1) + oTs = 0} LHS — RHS> (i* + 1)(1 4+ C)(2pi- — 1)(1 — e %)
based on the definitio,, = Y"1, r: — aAn — oT,. Note >0
that V5" (0) = 0 — T, and Following the same procedure, we can prove tHat> *,
Vi (1) = max{S1, Vi (z1)} u(j+1) < u(j). u
> 5 (21)

= (1 —v)RA — aA — aTs.

As long as(1—~0)R > «, we haveV; (1) > V;(0). Note that
the maximum return of rate* is upper bounded bl —~y) R,
which is achieved when there is a genie telling the SU the
exact state of the PU in the future. Furthermore, sivigép)

is convex inp, Vi (p) is a function having the shape as in
Fig. 5. Definep* = max{p : Vj(p) + aTs = 0}, then for

all p < p*, we haveV(p) = —a*Ts, and the policy which



