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Abstract—In cognitive wireless networks where secondary sensing tends to cause more collisions with the PU, leading
users (SUs) opportunistically access spectral white spateof to higher penalty. Therefore, we consider both the benefit

primary users (PUs), there exists an inherent tradeoff betwen and penalty when desianing sensina-transmission stestexi
sensing and transmission due to the competing goals of PUSUsp Y gning 9 e

protection and SU access maximization. This paper studies . L .
means of sensing_transmission for SUs to better manage the In addltlon, It IS not We” underStOOd the ImpaCt Of feedback

competing goals by defining utility function to reward the information from a secondary receiver (SU-Rx). While the
SU for successful packet transmissions and to penalize it fo secondary transmitter (SU-Tx) cannot detect primary sgna
colliding with PU. To maximize the SU utility, we present a g ring transmission, the SU-Rx is affected by the PU signal
threshold-based sensing-transmission structure that is miimal . . . )
under a technical constraint. Both perfect sensing and impdect interference when at_temp“”g to receive the SU'TX slgnal. I
sensing are considered, with or without SU acknowledgemeraf ~€an send feedback information to the SU-Tx to indicate the
reception. This SU access scheme optimizes SU access efiige  successful packet reception using ACK when PU is inactive, o
while protecting PU performance. It sets a benchmark and to indicate the packet failure using NACK (or the absence of
provides insight for the design of sensing-transmission erol 5 ACK) because of PU interference. Though such feedback
In cognitive networks such as IEEE 802.22. may not be reliable, it can be explored by the SU-Tx for better
decision making.

Motivated by these issues, we study the following questions
Cognitive radio has recently emerged as a potential tedh-this paper:

nology to mitigate spectrum shortage by allowing secondary, \What is the optimal sensing-transmitting control, espe-
users (SUs) to opportunistically utilize spectral whitexsps cially when the sensing time is large, as often in practice?
of primary users (PUs). To enable secondary cognitive splect , What is the impact of (imperfect) feedback, which serves
access, PU protection is vital since PUs would not be indline  as an indicator of the PU activity during a secondary
to admit SUs without such assurance. To this end, the seetall  packet transmission?
“Listen-Before-Talk (LBT)" strategy has been extensivedn- 14 tackle these questions in this paper, we adopt a utility-
sidered because it requires little infrastructure suppod aximization framework. We define the objective of the SU
planning. It should be recognized, however, both SU sensigg 1o maximize its average channel access time, subject to
(Ilstemng)_and PU collision cau_sed by Sl_J transmission INClylision penalty imposed by the PU. We formulate it as an
cost. In this work, we study optimal sensing and transmissiQ,nconstrained stochastic dynamic programming problem tha
control of SUs in order to maximize SU spectrum usage wWhilgsximizes the average utility/return over time.
providing satisfactory level of PU protection. Our contributions are as follows: we establish that the
Various types of periodic sensing have been considered. T&;}ﬁimm spectrum access policy has a simple thresholdebase
state-of-the-art IEEE 802.22 standard considers periodic strycture, under a technical constraint. The result hotds f
band measurement (i.e., sensing), using both fast sensihg Both perfect and imperfect sensing, and is valid with or wiith
fine sensing. There also exist prior works that assume a pg(3-Rx acknowledgement. Note that we assume general PU
packet sensing where the SU senses the PU channel foga time distributions, which differs from many prior wark
certain amount of time before each packet transmission [&, dynamic spectrum allocation. Our optimal scheme pravide
(2], [3], [4], [5]. While periodic sensing, especially ppacket 5 tight performance upper bound for LBT strategies. It can
sensing, simplifies the design of PHY/MAC protocol, thgerve as a benchmark for the performance of the rule-ofthum

question remains as to what the optimal sensing-transmnissperiodic sensing and shed light on the design of IEEE 802.22
control should be. This is particularly important when $89s sensing-access strategies.

takes a long time in many practical cases. For instance, in

IEEE 802.22, the fine sensing time is 25ms for field-sync Il. RELATED WORKS

detection of a standard DTV system in US [6], and a typical Compared to related works, this paper differs in one or
sensing time is 10ms for the detection of cordless microphomore of the following aspects: 1) general sensing-transions
signals with reasonable fidelity [7]. This sensing time ihea structure, including but not limited to periodic or per-gat
long and not negligible when compared to typical millisedonsensing; 2) general unslotted PU idle time distribution; 3)
packet duration. On the other hand, transmission witho@tphasise on the interplay between PU protection and SU

|. INTRODUCTION



performance; and 4) considering perfect or imperfect sgnsi The individual idle (X') and busy ¥) periods are independent.
with or without SU-Rx feedback. We elaborate as follows. They follow distributionsfx(-) and fy (-) with meansz and
Channel probing/selection has been studied where the-objgcrespectively.
tive is to maximize SU performance by intelligently deciglin  The SU takes two actions: sensing and transmission. It
the sequence of channel probing/sensing and optimal aatioruses a spectrum sensor (e.g., based on energy or feature) to
each channel, among a set of PU channels. In [8], the authdesermine whether the PU is idle or busy at a given time. The
showed that the optimal strategy on channel probing, gongssinon-ideal sensing is characterized by a false-alarm piitityab
and transmission has a threshold-based structure. TherauttP; and a detection probability?;. False alarm (detection)
assume temporal independence of channel states in a slottgstesents the event of declaring BUSY when the PU state
structure and the state of each channel remains unchangelbLE (BUSY). Note that despite the best effort of the SU
in each slot. In comparison, our objective is to decide thsensor, sensing of current PU state cannot assure that the PU
optimal sensing-transmission strategy in one PU channel anill be idle in the future because PU traffic is not synchrexliz
we assume general unslotted PU idle time distributions. bt slotted. Thus, if the PU reclaims the channel when the SU
[9], the authors considered the MAC-layer sensing scheduliis transmitting, a collision happens.
for general PU idle/busy time distributions, and proposed Given A as the SU time unit, we assume
a scheme that pp.timizes f[he sensing period and propi_ng. A fixed sensing timek A, Kg € \;
sequence to maximize the dlsc_overy of spgctrgm _opporamm . Afixed SU packet lengthic; A, K € .
in multiple channels. In comparison, our objective is tcelbak . . o : .
the PU protection requirement and the SU access, which is not Relative ~ short  sensingftransmission — time, i.e.,
considered in [9] ’ KsA, KrA < &, and KgA, K7 A < 4.
) . . o Each successful SU packet earns a reward<rA.
In [4], [5], the authors showed that by choosing a suitable Collision Ve Hi itA
A ) . . penaltyC' per time unitA.
sensing time, the SU can achieve an optimal tradeoff betweerl A = 1 for notation simplicity
the false-alarm probability and throughput. The works bglo '
to the category of periodic sensing. In comparison, we studyAS shown later, for the SU to apply its spectrum access
general sensing-transmission structure to maximize the Stjategy to maximize its average utility/reward (benefibusi
access time while achieving desired PU protection based @#llision cost), the PU or the regulator can adjust the siolfi
the collision cost and the observation (sensing result aR@naltyC' to control the aggressiveness of the SU access and
ACK/NACK). the resulting collision rate observed by the PU. Therefore,
Assuming slotted PU activities, in [1], [10], the authoréhe PU/SU spectrum sharing system can achieve a desired
derived the optimal operating point of the spectrum senséi2deoff between (SU) spectrum efficiency and PU protection
access decision, and channel selection with constrained PyjadjustingC.
collision probability. It was shown that the optimal spectr ~ We also assume that the SU knows the PU idle time dis-
access should utilize the whole observation history, ard tHibution. The distribution function can be estimated tigh
joint optimization problem can be separated and simplifiktensive measurement during the deployment of secondary
to an unconstrained problem. Furthermore, authors in [1A¢twork, through various methods as in [15], [16], [9]. We
show that the results in [10] can be extended to unslotté@te that this assumption is no stronger than earlier works,
PU activities. The papers assume that the PU state tramsitfd-, assuming exponential distribution and the knowleafge
probability does not depend on time, and use a per-packétparameter.
sensing/transmission structure. Our focus differs and we d In practice, upon receiving a packet from the SU-Tx, the
not require the above mentioned assumptions. SU-Rx may send an acknowledgement. The acknowledgement
In our preliminary work [12], we derived an optimalhere serves two purposes. First, it validates the packes-tra
threshold-based policy for the exponential idle time distr mission of the SU. More importantly, it provides informatio
tion relying on its memoryless property. The approach canri@ the SU-Tx on whether a collision with the PU may have
be generalized to other idle time distributions becausePtie occurred. In an ideal scenario for sensing collision dedact
state transition depends on time. In addition, perfectisgnsa NACK (ACK) from the SU-Rx accurately signifies that a
is also critical in [12], but not in this paper. collision with the PU has (not) happened during last trassmi
Centralized and distributed channel allocation and sdhedgion. However, in wireless communications, the SU-Rx may
ing algorithms (e.g. [13], [14]) have been proposed to emate able to decode the SU-Tx's packet even when the PT is
the spectrum sharing among users with cognitive radio d&ansmitting. Moreover, a NACK may result from SU channel
pabilities in different network scenarios. In comparisony fading or interference from other users. Therefore, we view
objective and assumptions differ. the acknowledgement as an inaccurate information source fo
collision detection, different from most existing works.
II. SYSTEM MODEL We define the following two probabilities:
Consider an SU transceiver pair opportunistically acsesse
a PU channel. The PU transmits its data at will and exhibits 71 = Pr[NACK|Collision with PU
a BUSY/IDLE usage pattern. It is unaware of SU activities. ~vo = Pr[NACK|No Collision with PU.



sonsing 288 after the action at time. In other wordsp; is the information
T,

Vi T state at timg. As s_hovyn in Fig. 1, at t_he end of a_qion, the SU
. - y will update its estimation on th_e PU idle probabllﬁny_s or
Th!# . - B pi+ Kk, based on the observation it received. Specifically, by

3 Docision Stage Bayes'’ rule, we have the following information dynamics:
, Opyr, = IDLE/BUSY Opireq, = ACK/NACK Oypyr, = IDLE/BUSY When at — O,
i pegi (1=Py) S _
Fig. 1. Sequences of Spectrum Access . (05) _ ptgf(lfPfs)I;tk(lfptfgf)(17Pd)’ 0% =17
= ptgy I°f = OS = B.
pegy Py+(1—pegy ) Pa’
Since the interference from the busy primary transmitter ca )
only worsen the packet error rate of SU-Rx, we haye> Whena; =1,
~0. When there is no capture effect at SU-RX, ig.,= 1, pegT (1—70) OT — 4
the SU-Tx can accurately infer the absence of PU during thept+K (OT) — { peal o)+ T=pesN(A—1) =
previous transmission from the feedback ACK message from r Pt9; 70 O =N

pegf Yo+ (L—pegl )71’

SU-Rx. Furthermore, if the PHY technique used by the SU .(3)

link can mitigate the fading and noise fluctuation, then thgince we assume that the SU knows the beginning of the PU
SU-Rx can decode the packet reliably when there is no Rle time, we havey, = 1.

interference, i.e.yp = 0. With 49 = 0 andy; = 1, the SU-

Tx can infer accurately that a collision has happened whenGt Immediate Reward

receives a NACK from SU-Rx, i.e., the ACK/NACK of the  Gjyen the current idle probability;, the probability that

SU can faithfully reflect the event of collision with the P, |

the PU will remain idle during a SU packet duratidtr
general, we have < v9 <y, < 1.

at time t is p,gf. Therefore, the probability that the SU
IV. PROBLEM FORMULATION successfully transmits a packet (considering capturegfie
gfgtT(l — %) + (1 = pegl)(1 — 1). Hence, the immediate

To .epr0|t t.he spectrum opportunities in the PU Channexpected reward/utility the SU obtains at timer;(p:, a;),
effectively while avoiding collision cost, the SU shouldagd . . . . .
with information statep, and actionay, is

tively schedule sensing and transmission. In other wotds, t
SU can potentially transmit multiple packets or sense mlelti r,(p;, 1) = [p;g7 (1 — v0)R + (1 — pig )(1 = y1)R — C)| K1
times in a row, depending on the situation. Because the %{pt 0) = 0.
does not always have complete information on the PU state’ (4)
(IDLE/BUSY), this is a partially observable decision prese
. D. Optimality Criterion
A. PU Sate Transition . .
) h ] i is ind q t th Let X;/Y; be the length of théh idle/busy period of the PU.

Since the PU's traffic pattern is independent of the SginceXl’s andY)'s are independent and identically distributed

activities, its state transition does not depend on the }E‘d)r

. H he PU ition d q he i andom variables, and/s are independent with's,
actions. However, the PU state transition depends on the tile gy spectrum access in a long time duration can be treated

instance. Define as the time elapsed since the PU's mogfs repeated trials of access policy in a PU idle-busy cycle.
recent state transition from BUSY to IDLE. Given that thEAn access policy of the SU is a sequence of functions

PU is idle at timet, the probability that the PU will remain do,dy,--- s, -- -], whered, defines a mapping from the SU

idle during the SU action (transmission or sensing) is belief spaceP = {p;} = [0, 1] to the action space! at time
s  1—-Fx(t+Ks) r 1—Fx(t+Kr) ) t (recall thatt is the time elapsed since the beginning of the
9r = 1—Fx(t) 9t = 1—-Fx(t) latest idle period). Here, we consider the case where the SU
whereFx (-) is the cumulative distribution function of the PUaOIO.IOtS the same _spe_ctrurr_l access poinclyl each |d_Ie/busy
. : . period. Our objective is to find a sensing-transmissiortegsa
idle time, and superscripts§ and 7' represent that the SU . - : .
. . that maximizes the expected average utility per time urt, i
senses the channel and transmits a packet, respectively.

L N
B. Information Sate max lim (i 2 itore(pe,ar))/ L

L
Denote the action space of the SU a& = {a " Free (0 (K +Y)/L
1(Transmi}, 0(Sensg}. After each action, the SU observesvhere,N; is the number of actions taken in thi idle-busy
the outcome of its actionO,. For the sensing action, period. The total utility the SU obtain during each idle-pus
07 € {I(Sensing IDLH, B(Sensing BUSY}; for transmis- cycle is identically and independently distributed. Ttiere,

sion, OF € {A(ACK), N(NACK)}. by the law of large numbers, we have:
Let p, denote the conditional probability that the PU is I v, N,
IDLE at time ¢ given (po, ag, -+ ,ar—1,00, -+ ,0i—1), Where . (20121 2 oemo 7P, a0) /L) as. B[}y re(pr, ar)]

a; is the action of the SU at timg ando; is the observation L—o (Zle (X;+Y))/L T4y



Sincez + 3 is fixed, we translate the average-utility optimiza- To avoid collision penalty, the SU should keep sensing the
tion to a problem that aims to maximize the total expectezhannel if it knows the channel is busy (i.e;,= 0) until the
utility in an idle-busy period. The optimal spectrum acced3U becomes idle again, at which time the next idle-busy cycle
policy is the policy achieving the maximum utility function begins. Hence,

V(0,p) = sup Vz(0,p), and V(t,0) =0,¥t € [0, X; + Y]]

N V(t,p) = maX{png(tJrKs,l), ®)
Vﬂ'(oap) = EW[Z Tt(ataptﬂpo = p]a {071}

=0 [pg! (R +C) = ClKr + V(t + Kr,pg) }.

whereV,. (0, p) is the utility achieved by policyr.

Note here we assume that the SU can detect the beginn
of the idle period; i.e., the value of is known perfectly. Proof: For0 < A < 1,0 < p1,p2 < 1, we show that
This assumption is reasonable. Since the PU busy timeVi$t, A\p; +(1—\)p2) < AV (¢, p1)+(1—\)V (¢, p2), following
long compared with the SU sensing time, to avoid collisioa similar argument as in [17]. Suppose that the initial state
penalty, the SU performs multiple sensing on the primagyis determined by flipping a biased-coin with probability
channel until it finds the PU idle. With a reasonable detectiahat a head appears. If a head appears, we choose the initial
performance, the SU can detect the beginning of the PU idisate asp = p;, else,p = p». If we know the outcome of
period. The impact of inaccuracy on this detection is stidi¢he coin flipping, the most reward we can get\g (¢, p1) +

In%nma 1. V(t,p) is a convex function of p for a given t.

through simulations in Section VII-E. (1 = M)V (t, p2). On the other hand, the most reward we can
E. Optimality Equation get if we do not know the outcome of the coin flipping_is
V(t, \p1+ (1 —N)p2). Since we can always do no worse with

DefineV (¢, p) as the maximum expected utility the SU can,,

X . o . ore information, the result holds. [ |
obtain at timet with information statep. We have

Note that this proof does not require any assumption on the
Vi(t,p) = max{L(Lp),M(t,p)}, (5) Ssensing performance and ACK/NACK mechanism, and thus
{o,1} applies to all cases in the paper.

whereL(t,p) and M (¢, p) are the expected utility the SU can Next, we dgfine a technical conditiqn under which we can
obtain by sensing the channdligtening) and trarditting a  derive an optimal threshold-based policy. Define

acket, respectively. Specifically, we have —(1—
P P Y 2 Y T* = min{7r: g] < C-(-nwk 71)}2,Vt>7}. 9)
L(t,p) = Z PriO7 g, =iV (t+ Ks,pryrs (7)) (n =) R+
ie{I,B} When~, = 0, 71 = 1, this condition is simplified to
M(t,p) = [pg! (1 =70)R+ (1 = pg/ )(1 = 7)R — CO)| Ky T* = min{r : ¢ < C/(R+ C),¥t > 7). (10)
T . .
* . Z PriOsyse, =3IV L+ K1, e i (7)) The physical meaning of™* is that the SU should not
Je{AN} ©6) transmit after7™*. To elaborate, recall thaf’ is the conditional

probability that the PU will not return to the channel during
V. PERFECTSENSING WITHOUTACK/NACK the SU’s transmission of lengti, given that the PU is
In this section, for easy illustration, we consider a simpliglle at timet. Relying on (9) and the definition of immediate
scenario where the spectrum sensor can detect the PU stawardr:(p:, a;) as in (4), we have't > T, r,(1,1) <0, i.e,.
accurately when it senses the channel, i%.= 0, and P; = all transmissions aftef™ will result in a negative immediate
1. We also assume that there is no acknowledgement from Seturn even when the channel is known to be idle at time
Rx to SU-Tx, and a SU transmission is successful if and onkherefore,V (¢,1) = 0,Vt > T*.
if it does not collide with the PU, i.eqp = 0, and~; = 1. In Two cases existl™ < oo andT™* = oco. In the first case, we
this case, the SU updates information state as: present an optimal threshold-based policy in this papethén
s latter case, we need approximations to calculate the optima
L, 0°=1, policy. The physical meaning ¢f* < oo is as follows: for
0, 0%=B; (7) t large enough, the probability of primary return during a
SU transmission is high enough, and thus the potential cost
o outweighs the potential gain, i€ is chosen appropriately.
Therefore,V (¢, p) can be simplified as: Many distributions satisfy the conditiofi* < co. Examples
s s of such distribution include uniform distribution, Gatesi
Vit.p) = I%.,aff{p g0V (E4 K, 1)+ (L=pg)V(E+ Ks.0) - it ibution, Rayleigh distribution, a class of Weibullsti-
T T butions with the shape parameter> 1, and a class of beta
[pg; (R +C) = ClKr + V(t+ Kr, py; )}' distributions with parzmgtecw > 1.
Note we assume that the sensing result is IDLE only if the The condition,7* < oo, does not hold for all distributions.
PU channel is idle during the whole sensing duration. For example, for Weibull distribution witlf < 1, T* may

Pt+Kg (OS) = {

Pi+Kr = ptgtT'



be infinite becausg; is an increasing function of. Such
distributions are not as common. In this case, we need to set
T* large enough so tha® (X > 7*) is small enough and we Lit.p)
approximateV (¢, 1) = 0 for ¢t > T,
Exponential distribution is a special case, whefe is a 0[o o1
constant due to its memoryless property. By exploiting it, &
an optimal scheme was derived in [12], where an optimal-
stopping technique is used that does not invole The
technique does not apply to the general case where the PU
state transition may depend on time
In the rest of the paper, we assumé < co. We note that ¢ > 7+ — k. Fort = T* — k — 1, by the induction hypothesis,
the PU busy time distribution is insignificant. The resulis iywe have:V(T* — k — 1+ Kg,1) > V(T* — k 4+ Kg,1).
this paper apply to all busy time distributions. Becausey® decreases in we havelL(T*—k—1,p) > L(T*—
We first introduce the following lemma. k,p). Furthermoreg%_k_l > 9%*-1« and thuggg%*_k_l >
pgk. .. According to Lemma 1V (¢, p) increases irp, we
have V(T* — k — 1+ Kr,pgr ) > V(T* =k =1+
Proof: We use backward induction to prove this Lemmak'r, pgZ. ,). Again, by the induction hypothesis, we have
By convexity, we havé/ (t,p) < pV'(t,1), and thusV (t,p) = V(T* —k — 1+ Kp,pgh. ) > V(T* — k + Kz,pgk. ).
0 Vp € [0,1] whent > T, Therefore,vt > T, V(t,p) is an As a result,M (T* —k —1,p) > M(T* —k, p). Therefore, we
increasing function op. Suppose that for > 7" — k, V(t,p) have
increases irp. Then, fort = T* — k — 1, we have the first y . 5
term on the RHS in (8), i.epg’V (¢t + Kg, 1), increases in V(IT* —k-Lp)= maX{L(T —k=1p),M(I" —k—-1,p)}

M(t,p)

Fig. 2. lllustration of L(¢, p) and M (¢, p)

Lemma 2. V (¢, p) increases in p for a given .

p linearly with constant slopeg;V (¢ + Kg,1) > 0; and the > max{L(T* — k,p), M(T* — k p)}
second term, i.efpgl (R + C) — C]Kr + V(t + Kz, pgl), N o ’
also increases ip by the induction hypothesis. Therefore, =V(T" —k,p),
V(T -k —1,p) is an increasing function qf. B which completes the proof. m

With the previous two lemmas, we are ready to show the For these distributions) (¢, p) increases irp. Then, for
structure of the optimal spectrum access strategy. decreasing;!, we can find the value df’* by solving
Theorem 1. The following policy is optimal o = C—(1-m)R

T+ —

(M —=)R+C
(11) For general distributions that satisfy the technical caist
T* < oo, we can first find & large enough so that condition
(9) is satisfied. Then, we can use backward induction find the
optimal thresholg; and the maximum utility functiol (¢, p).
Proof: The first term on the optimality equation (8) is a In Fig. 3, we show the optimal threshold for cases where
linear increasing function of with a non-negative constantC' = 10, 20, andKs = 1, 5, 30. The PU idle time is uniformly
slopeg?’V (t+ K, 1) for any givent. The second term on thedistributed in[0, 1000], and the packet length is set &g = 5.
optimality equation (8) is a convex and increasing functiomhe per time unit reward is set to b@ = 1. We have the
of p becauseV(t + Kr,p) is a convex function ofp. In  following observations: The threshold is time-dependant]
addition, L(¢,0) = 0 > —C = M(t,0). Therefor, there there is no obvious structure. The larger thig, the smaller
exists at most one intersection between the two functionfe threshold; i.e., the SU senses less often when sensieg ti
as illustrated in Fig. 2. This intersection, when existsthie s larger. The larger th€, the larger the threshold; i.e., the
thresholdp;. When the intersection does not exist, we set th&U senses more often to avoid collision penalty. We also note
thresholdp; = 1. BecauseM (t,p) < L(t,p) for p < pf and that7* is smaller for largelC, as shown in the figure.
M(t,p) > L(t,p) for p > p;, Eq. (11) defines an optimal
policy. |
Next, we present a property for a special class of idle time In this section, we consider more general scenarios, i.e.,
distributions Wherel—F L is a decreasing function af. In with SU-Rx acknowledgement, and with imperfect sensing.

this case, we have A. Perfect Sensing with (Imperfect) ACK/NACK

Lemma 3. V (¢,p) is a decreasing function of ¢. Assuming sensing is perfect, we consider the situation
where the SU-Rx sends an ACK to the SU-Tx for a successful
SFansmission. The probability of receiving ACK/NACK is

‘) 1 (Transmit) if pr > p;
a =
0 (Sense) otherwise,

where0 < p; <1 is a threshold, which depends on tirhe

VI. GENERAL CASES

Proof: We prove the above result by induction. Becau
lfj;X( decreases in, from (1), we have botly, and g - .
decrease irt. For t > T*, we haveV(t,p) = 0, and thus  Pr(Ofix, = 4) = pg/ (1 —70) + (1 = pg/ ) (1 —m) (12)

the result holds trivially. Suppose that the result is troe f PT(OH-KT =N)=1- PT(Ot+KT = A).
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Fig. 3. Threshold for SU Access Decision Fig. 4. Threshold for SU Access Decision with ACK/NACK

The SU-Tx updatesT its belief upon the reception C?F‘Ipfor all t > T* — k. Therefore, M (¢, p) increases irp for
ACKINACK, piy k. (Of, i, ), based on (3). The value func- t=1T*—k—1: and we complete the proof -
tion at timet given the current information stajeis Now. we a,re ready to present an S'U optimal sens-
V(t,p) = max{pgfv(t + Ky, 1),M(t7p)}, (13) ing/transmission strategy in the presence of (imperfect)
{0,1} ACK/NACK:
where M (t,p) is expressed as in (6). Next we show . ,
threshold-based structure, similar to that in previougicec Theorem 2. Assuming perfect sensing and acknowledgement

is optimal. on collision detection, an optimal policy is:
Lemma 4. With SU-Rx acknowledgement, the optimal utility a* (1) = 1 (Transmit)  if p: > p; (14)
function V' (¢, p) increases in p for a given t. 0 (Sense) otherwise

Proof: We prove the result by induction oh By con- Proof: The key is to prove thaf/(¢,p) is convex and
vexity, we haveV (t,p) < pV(t,1) = 0,vt > T*. Then, increasing inp, which is not obvious because of the negative
the statement holds far> 7™ trivially. Suppose it holds for p term involved in (6). See Appendix VIII-A for details. m
t > T* — k. First note that the first term on the RHS of (13) The calculation ofp; is similar to that in the previ-
increases linearly witp with a constant slopg]’V (¢ +Ks,1).  ous section. In Fig. 4, we show the optimal threshold for
Thus if we prove the second term on the RHS of (13, — 1, 5 30. The PU idle time is uniformly distributed over
i.e., M(t,p), also increases ip, we then prove the Lemma. [, 1000], and the SU transmission length is set tofbe = 5.
Take the first-order derivative o/ (¢, p) with regard top for  The per time unit reward is set to e = 1. We observe that

t=T"—Fk—1 as follows: the more certain the feedback information is about the Ptd sta

dM(t D) T(( )R + C)K (the larger they; for a fixed ), the smaller the threshold.
dp A\ T The threshold is also lower than the case without ACK. This
+ 97 (1 =)V (t + K1, prarcp (A)) is because that more accurate informz?\tion gbqut the PU state
allows more aggressive SU transmission. Similar to the case
=90 (1 =20Vt + K1, prysee (V) without ACK, pi = 1 for t > T*.
gi (1 —70)(1 =)V (t + K1, piy i, (A)) .
ol (1= 0) + (1 —pg )L — ) B. Imperfect Sensing
g von V' (t + Kz, pry k. (N)) Now we consider a scenario where the spectrum sensor has
970 + (1 — pgD)m imperfect detection perf_ormanc(d?f, Py) With/Without SU-
Becausey, > o, we have: ‘R/>(<tac)knowledgement. First, we have the following result for
\D)-

Pt+Kr (A) > Pit+Kr (N)v
and thus by the induction hypothesis, we have:

V(t+ Kr,prikr(A)) 2 V(E+ Ko, pryrer (N)). The proof is similar to that in the previous section, and
Thus, the sum of the second and the third term#%j‘f’p) thus omitted here for brevity. Next, we present the follogvin
is non-negative. The last two terms éw are also non- property of L(t, p).
negative due to the induction hypothesis thidt, p) increases Lemma 6. L(t,p) is a convex increasing function of p.

Lemma 5. The optimal utility function V' (¢, p) with imperfect
sensing increases in p for a given t.



For convenience, recall 1

L(t,p) = Z Pr(O7 gy =)V (t+ Ks,prixcs(i)).
ic{I,B}

The key is to prove that.(¢,p) has non-negative first and

second order derivatives with regardgoNotice thatL(¢, p)

with imperfect sensing is similar td/(¢,p) with SU-Rx

acknowledgement except that the first-order item(zf;, 1))

in M(t,p) is not0. The Lemma can be proved following a

similar argument as in the appendix, and thus omitted here.
Note that we have already shown that the total expected util-

ity of transmitting a packed! (¢, p) is a convex and increasing 0.93 ‘ ‘ ‘ ‘
function ofp for cases with/without SU-Rx acknowledgement. 0 20 a0 B 100
Together with the above lemma, we next show an optimal
structure for the utility-based spectrum access problegfing Fig. 5. Threshold for SU Access with Imperfect Sensing
p; = min{p : L(t,p) < M(t,p)}, and pi* = max{p :
L(t,p) < M(t,p)}. If the set{p : L(t,p) < M(t,p)} is ‘ ‘
empty, set bothp; andp;* as1. =2 R —
= 5ol - K =5 B
Theorem 3. When the detection performance of sensing is - e ka7
imperfect, the following policy maximizes utility: % 5 10 15 20
If pr:p;*u *204,\4\
5 K =1
1 (Transmit) if p; > p* g oz ——K=5
a” (t) = ( ) . pe pi (15) = —+—K =30
0 (Sensev) if Y43 < Py - 10000 5 10 15 20
£ K =30
If p; < pi*, & K=
§ 107 —K=1
. 1 (Transmit) if p; < p, < p;* 8 ‘
a ( ) = ( ) . Pr p: Pr o (16) ° 0 ColisidOpenaty: ¢ 15 20
0 (Sense,) if Pt S Dy or p: Z Py ollision Penalty:
Proof: The key is to prove that both(¢, p) and M (¢, p) Fig. 6. Performance with Perfect Sensing, Without ACK/NACK

are convex and increasing jn which we have already done.
Since L(t,0) = 0 > M(t,0), we have the above result. ®

The optimal strategy indicated by Theorem 3 is stilSU-Rx. PU collision rate quantifies the interruption of tHe S
threshold-based, but it could have two threshglfisindp;*. transmission on the PU, defined as:

When p;* = pj, only one threshold exists. For example, .
we show the single decision threshold in Fig. 5 for different ~ pe _ 1otal Number of PU Packet Collisions 17)
values of Ks. The same settings for the packet length and the Total Number of PU Packets ’

PU idle time distribution are used. We also observe a loWgjhere we assume that the PU packet (time unit) length is
threshold for larger sensing time. without loss of generality. When there is acknowledgement
from SU-Rx to SU-Tx, every ACK is treated as a sign for a
successful transmission (including capture effect).

VII. SIMULATION RESULTS

In all simulations, the PU idle time is uniformly distribate
in [0,1000], and the SU packet length &7 = 5. The per . .
tim[e unit leward ISR = 1r,) and the ?’nean of PU busyptimeA' Perfect Sensing without ACK/NACK
is set asb00. Therefore, the available spectrum opportunity The performance of the proposed scheme is shown in Fig. 6.
is 50%. The performance shown in this section is normalizeéd/e observe that the numerical results obtained via backward
with respect to the sum of average PU idle and busy timieaduction match with the simulation results. When there is
To investigate the impact of small, comparable, and larg® collision penalty, i.e.C' = 0, the SU can fully utilize
sensing time on the performance, we ¢&t = 1,5,30 in the spectrum opportunities by constantly transmittingkp&e
our simulations. The throughput decreases with the collision céStand so
Our performance metrics are SU average utility, Sdoes the PU collision rate. Therefore, the PU can adjust
throughput, and PU collision rate. SU throughput refers to achieve its desired protection (i.e., collision ratejd ahus
SU successful transmission time normalized by the PU IDLEffectively control the aggressiveness of the SU access. Th
BUSY cycle. SU throughput is upper bounded by the availabpgoposed scheme achieves the optimal tradeoff between SU
channel opportunity50% when there is no capture effect athroughput and PU protection for a givéh
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B. Perfect Sensing with ACK/NACK AN e |

With SU-Rx acknowledgement, we consider imperfect AR x K =1 AP
SUIPU collision detection wherg, = 0.1, v1 = 0.1, 0.5, 035 FR TR
and 1. Recall thaty, is the packet error rate due to fading z o3 | K :\5*° S ]
or noise, andy; < 1 represents capture effect at the SU-Rx. > 025 b\\ ’ SRR
The larger the value of;, the larger the posterior probability o2l Yo
of PU being idle wherO” = A, and thus the more certain 0.1 e .
the knowledge of SU on the PU state. Simulation result for K=307"% o |
K = 30 is shown Fig. 7. We can observe that when collision o4 o
cost is small (or zero), the SU obtains higher average yutilit 005 5 10 15 20

with higher capture effect. However, whéhis large, the SU Collision Penaly: €

obtains higher average reward with better collision detect
In other words, there exists a tradeoff between the capture
effect at SU-Rx and information on PU state. Whénis

small, smallery; is desired; whert' is large, largery; is. We

also observe that a larger collision cost leads to smaller sgheme, espeC|a_IIy for long sensing time. S|_m|lar obsemat_
collision rate and smaller SU throughput. Again, the ciallis hold for cases with acknowledgement and imperfect sensing.

cost can effectively balance SU throughput and PU protectio e also compare the throughput performance of the periodic
For smallerKs, the trends are similar, but the performanceBT and the proposed policy, where we first run simulations

Fig. 9. Average Reward with inaccurate timing synchromarat

difference at different values of; is smaller. using the periodic LBT, and then find the appropriate calfisi
_ penalty C for the threshold-based strategy to achieve the
C. Imperfect Sensing same PU collision rate. The throughput improvement ackiieve

To test the impact of imperfect detection, we g8t = by the threshold-based policy varies betwet — 40%. In
0.1 and the detection probability?; at various values. We general, the gain is higher when the sensing time is moderate
observe that the SU utility decreasesRsdecreases, a resultand SU-Rx acknowledgement is present.
of higher collision penalty. We also observe increasing the
collision penalty reduces the SU throughput and PU colisiq=. Error in Detecting the Beginning of Idle Period

rate. The simulation result is omitted due to space limit.
To study the impact of the inaccuracy in detecting the begin-

D. Comparison with Periodic LBT ning of idle period, we introduce a random delay, uniformly
We consider periodic LBT where the SU senses the chanuiitributed in[1,3K], to the time that the SU detects the
for K¢ unit time and transmits fof(; unit time if it is idle. PU transition from BUSY to IDLE. This error, uptf0, is
The SU keeps sensing if the sensing result is busy. We sefatively large compared to the average idle lengih for
Kr =5 and Kg = 1,5,30. The average utility of periodic Kg = 30. The impact of imperfect timing is shown in Fig. 9.
LBT and that of our proposed scheme are shown in Fig. 8. Horthe simulation, we assume the sensing is accurate, angl the
periodic LBT, the SU utility decreases linearly with respic is no ACK/NACK. We observe small performance degradation
C because both the SU throughput and the PU collision ratempared with the ideal detection of PU transition time. The
are determined by<s and K1, but notC. In comparison, we performance loss is larger with longer sensing time due to
observe utility gain as large as several-folds for the psego larger timing errors.



VIII. CONCLUSIONS
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layer, it simplifies the design of SU networks.

The optimality of our scheme requires that SU has thH#s]

knowledge of PU idle time distribution, that it can deteat th

time”. While these assumptions may not always hold in
practice, our results provide a tight performance uppentdou
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APPENDIX

for general LBT strategies. They can serve as a performarteProof of Theorem 2

benchmark for the rule-of-thumb periodic sensing, and shed proof: If we prove that the expected utility of transmis-

light on the design of IEEE 802.22 sensing/access straieglg_ion with ACK/NACK M (¢, p) is convex and increasing in
Our current access structure focuses on one SU (pé}if)we can reach the result using the similar argument as in

accessing one PU channel. It is future work to study the casggeorem 1. We have already proved tﬁ?éf(t_ap > 0. Next,

with multiple PU bands and multiple SUs, which is a non-
trivial task. Another possible extension is to study the actp
of SU power control.
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We show that™-2/(L.p) M ’p) > 0.

d? M (t,p)

dp?
9t (1 —70)9¢ (1 = y0)(1 — )

aT (L —70) + (1 —pg)(A " (¥ Erpearer(4)

T T
- (pggt%,(g:_ (;?ijg}o)?ll)z V'(t+ Kr,peg i (N))]
9t (0 = y)gl (1 =70) (A = y)V'(t + K1, pry s (A))
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(PgtT(l—vo)ﬂL(1—pgtT)(1—71)) (t+ Kz, perice (4)
T
9t 7071 P
Vi (t+ Kr, (N
(p9f70+(1—pgf)71) (t + K1, pryrer (N))

>0

Here, we use the convexity df (¢,p) in p. Whenp = 0,
L(t,0) = 0; while M (t,0) =
is a linearly increasing function qf, and M (¢, p) is a convex
increasing function ofy, therefore, at most one intersection
ion exists betweel (¢, p) and M (t, p), which is the threshold
for decision time slop; .

(1—y1)R—C < 0. SinceL(t, p)



