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Abstract—In this paper, we study and analyze cognitive radio admissions into the data buffer. [d [6], Sharatal. investigate
networks in which secondary users (SUs) are equipped with the energy management policies that stabilize the dataequeu
Energy Harvesting (EH) capability. We design a random spec- ¢ 5 gingle-user communication. The authors derive some
trum sensing and access protocol for the SU that exploits the delav-optimal . = h . .
primary link’s feedback and requires less average sensingime. _e ay optlmg properties. or_ energy harvesting SyStm !
Unlike previous works proposed earlier in literature, we do time-constrained slotted setting, the authorslin [7] diseal
not assume perfect feedback. Instead, we take into accounheé the throughput-optimal energy allocation. [ [&]] [9], tpet
more practical possibilities of overhearin_g unreliable fedback al. minimize the transmission Comp|etion time of an energy
signals and accommodate spectrum sensing errors. Moreovawe 5 asting system. The optimal solution is obtained using a
assume an interference-based channel model where the reasis .
are equipped with multi-packet reception (MPR) capability, ~9€0metric framework. In[10], the authors solve the problem
Furthermore, we perform power allocation at the SU with the Of maximizing the amount of data transmitted in a finite time
objective of maximizing the secondary throughput under con horizon. The network under consideration consists of gnerg
straints that maintain certain quality-of-service (QoS) measures harvesting transmitters with batteries of finite energyagie.
for the primary user (PU). . » . In the context of cognitive communications, the authors in

Index Terms—Energy harvesting, cognitive radio, feedback, [17] consider a simple network composed of one PU and one
quality-of-service, multi-packet. ) ) .

SU. The PU is assumed to be equipped with a rechargeable
battery (energy queue with random arrivals). The energyegue
N o o ~ is assumed to be modelled as a decoupled/1 queue with

Cognitive radio is a promising technology that efficientlernouylli arrivals and unity service rate. The SU is plugged
utilizes the radio spectruml[1]. Its essence resides iMaio 1 5 reliable power supply; it always has energy/power. The
secondary users (SUs) to access the spectrum while Hgyimum stable throughput region was derived using the
primary users (PUs) are silent. Moreover, secondary no&es ¢jominant system approadh [13].
use the spectrum concurrently with primary nodes in coomliti  The optimal sensing and access policies for an energy
that they guarantee certain quality-of-service measwe$ie  haryesting SU based on Markov decision processes (MDPS)
primary network. _ have been investigated i [14]. IA_[15], the optimal sensing

Cognitive radio networks may involve some battery-basgfiration of an energy harvesting SU is selected randomly at
nodes and hence, energy management becomes a Very t#B- beginning of every time slot from a predetermined set.
portant aspect. In many applications, the SU is a battefyhe stable throughput is obtained via optimizing over the
constrained device. Therefore, its operation, which idefl possibility of choosing certain sensing durations.
spectrum sensing and access, depends largely on its energyye to the broadcast nature of wireless channels, primary
resources. Recently, energy harvesting has been gaining fbdback can be overheard by all nodes in the network. The
creasing worldwide interest. It is an emerging technologyain problem with schemes that employ spectrum sensing
that is considered a promising solution to wireless energynly is that sensing does not inform the SU about the impact
constrained networks. The significance of this technology its transmissions on the primary receiver. This issueided
resides in its capability to prolong wireless networkstiifee jnterest in leveraging the feedback sent by the primaryivece
[2]. With such technology, nodes are capable of collecting the end of time slots to the primary transmitter in order
energy from the surrounding environment [3], [4]. to optimize the secondary transmission strategies. In, [16]

Studying data transmission by an energy harvester withed\yararet al. assume that the SU observes the feedback from
rechargeable battery has received a lot of attention in ths primary receiver as it reflects the achieved primary. rate
literature [5]-{12]. Using a dynamic programming framelor The SU aims at maximizing its throughput while guaranteeing
Lei et al. [5] derived the optimal online policy for controlling 3 certain primary packet rate. The authors of] [17] use a

artially observable Markov decision process (POMDP) to
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[18] investigates the secondary power control based ongpyim Watts/Hz is taken into account. The channel coefficient be-

feedback. In[[19] and20], El Shafét al. derive the maximum tween transmitter and receivej at thenth time slot is denoted

stable throughput of a rechargeable SU sharing the chanbgl h; j[n]. According to the Rayleigh fading assumption,

with a PU. The SU perfectly overhears primary feedback. h;;[n]is a complex Gaussian zero-mean random variable with
In this paper, we analyze the performance of an energgrianceo?., i.e., hij[n] ~ CN(0,0%,). Therefore,|h; ;[n]|?

ijr 7]

harvesting SU sharing the spectrum with a PU. We proposésaexponentially-distributed with raté/ai%j, i.e., |hijn]|* ~
new random spectrum sensing and access scheme based oexﬁe/aﬁj). All links are considered statistically independent.
outcome of the primary feedback signals overheard by the SUInstead of assuming a simple packet-erasure model, we
as well as the SU’s spectrum sensing quality. Unlike previogonsider simultaneous multi-packet transmission cajpabil
works proposed earlier in literature, we investigate thpanot This opens room for both the PU and SU to use the spec-
of erroneous primary feedback signals on the performancetafm concurrently. Assuming that the receivers are equippe
both the PU and SU. with multi-packet reception (MPR) capability, transmittgata
Our contributions in this paper can be summarized g@sckets can survive the interference caused by concurrent
follows. We assume feedback errors at the SU while rgansmissions if the received signal-to-interferencd-aaise
ceiving the primary feedback signals. In contrast to most dditio (SINR) exceeds the threshold required for successful
the literature, e.g.,[T16]=[20], we investigate the impa€t decoding. The SU performs probabilistic spectrum sensing.
feedback errors on the secondary throughput as well as e take into account erroneous spectrum sensing outcomes.
average primary packet delay. Moreover, in contrasf td,[19] Next, we present the queueing model of the system followed
we consider Poisson energy arrivals at the energy queue &ydhe description of the proposed spectrum access protocol
perform power allocation at the SU to achieve the maximum
throughput. We propose a new spectrum sensing and acces
based on the joint outcome of primary feedback reception atThe queues involved in system analysis, shown in Hg. 1,
the SU and the spectrum sensing process. We optimize o@€g described as follows:
the sensing and access probabilities such that the segondas @Q,,: stores the data packets of the PU.
throughput is maximized, subject to the constraint that thee (s: stores the data packets of the SU.
primary queue is kept stable. We then study the worst case Q.: stores the harvested energy at the SU.
scenario for the PU and append a queueing delay constraint tdThe bursty nature of information sources is taken into
the optimization problem that carries further qualitysefrvice account through modelling the data arrivals at the PU as a
(QoS) guarantees for the PU. Bernoulli process with ratg,, (packets/slot). In other words, at
The rest of this paper is organized as follows. Secfidn &ny given time slot, a packet arrives at the PU with probpbili
presents the system model along with the proposed spectrm< 1. On the other hand, we assume thiatis backlogged,
access protocol. In Secti@n]lll, we present the queueing; aniee., the SU always has packets awaiting transmissiod, to
ysis of both PU and SU and derive a closed-form expressi®he arrivals at the energy queue are assumed to follow a
for the average primary packet delay. Next, we derive lowstationary Poisson process with rakte. This captures the
and upper bounds on the secondary throughput in Secfibn Fdndom availability of ambient energy sources. The arrival
Section[} shows our numerical results. Finally, concludingrocesses ap,, and@.. are independent of each other, and are
remarks are drawn in SectipnlVI. independent and identically-distributed (i.i.d) acrossetslots.
Upon successful reception of a primary packgt,broadcasts
an acknowledgement (ACK). However, df, fails to decode
We consider the cognitive radio system shown in Eig. & primary packet, it broadcasts a negative-acknowledgemen
The system consists of a P@)(transmitting its packets to (NACK). ACKs and NACKs are assumed instantaneous and
a primary destinationd;,). In addition, there exists an SUcan be heard by the PU and SU. The PU receives the feedback
(s) communicating with a secondary destinatial)( The PU  sent byd,, reliably with probabilityl. On the contrary, the SU
is plugged to a reliable power supply. This means that diverhears reliable primary feedback with probabiljty
never lacks energy/power. However, the SU is equipped withThe instantaneous evolution of queue lengths is captured as
a rechargeable battery. We assume that the SU harvestyenerg n )
from the surrounding environmental energy sources, etar s Qiln +1] = (Qiln] — Li[n])" + Ailn], i€ {p,e} (1)
energy, wind energy, etc. All nodes are equipped with iréinitynere (z)T = maxz,0) and Q;[n] denotes the number of
capacity buffers to store fixed-lengthy (its) data packets. packets in theth queue at the beginning of theh time slot.
Time is slotted and the duration of one time slofiseconds. 7,(,] and.4;[n] denote the departures and arrivals correspond-

The transmission of a packet takes one time slot. ing to theith queue in theuth time slot, respectively.
The channel between every transmitter-receiver pair ex-

hibits frequency-flat Rayleigh block fading, i.e., the chan B- Spectrum Access Protocol

coefficient remains constant for one time slot and changesWhenever), is non-empty, the PU transmits a packet with
independently from a slot to another. Moreover, a zero-meawerage power,. However, the SU probably attempts to
additive white Gaussian noise of power spectral denaity transmit the head-of-line packet in its data queue if itsdvgt

sQueuei ng Model

Il. SYSTEM MODEL
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Fig. 1: Cognitive radio network under consideration. Fig. 2: Markov chain of the PU’s queue-length evolution.

Th We assume that energy dissipation fréfn happens when
ghe SU transmits data. The energy consumed in spectrum
esgnsing and primary feedback decoding is negligible and out
iof the scope of this paper.

has got the energy required to support that transmissioe.
spectrum access protocol employed at the SU exploits
available primary feedback signals. The SU may overh
nothing if there is no primary transmission. However,
may overhear an ACK or a NACK if the primary receiver [1l. PERFORMANCEANALYSIS
correctly decodes, or fails to decode, the primary transiois . . . : .
respect?(/ely, while the SU decodes the f%edba)c/:k signals corIn this section, we provide the queueing analy5|s of th_e
rectly. Otherwise, the SU may overhearun-decodablefezédbgmposed access scheme. In particular, we derive stability

signals. Given that a primary transmission takes place in.cgndltlonS on the queues involved in the system. The system

given time slot, the SU is capable of decoding the primarés{ cqpsidered stable V\(hen all of it_s queues are stable. Qqeue
feedback signals with probability as indicated earlier. If the ° ability is loosely defined as having a bounded queue size,

SU receives nothing, an ACK or un-decodable feedback,!'i » the number of packets in the queue does not grow to

gains no information about the PU’s activity in the next timdNity as time progresses [21]. Furthermore, we provide a

slot. Therefore, the SU operates as follows. closed-form expression for the average primary packetydela

« If the energy required for transmission is availablg)at A Queueing Analysis
it performs spectrum sensing with probability from the The PU's queue-length evolution Markov chain (MC) is
beginning of the time slot for a duration< T' seconds shown in Fig[Bl. We refer to the probability of the queue hav-

to detect the possible activity of the PU. ing k packets and transmitting for the first timeas whereF’
« The SU transmits with probability; or v, if the PU is in Fig.[2 denotes the first transmission. The probabilityhef t
detected to be idle or busy, respectively. gueue having packets and retransmitting jg;, where R in

« At the beginning of the time slot, if the SU decides noFig. [2 denotes retransmission. The probability of sucesssf
to sense the spectrum (which happens with probabilitsansmission of a PU’s packet in case of first transmission
1 — ay), it immediately decides whether to transmit wittend a retransmission is given iy, andI’,, respectively. We
probability o; or to remain idle for the rest of the timeproceed with calculating these probabilities.

slot with probabilityl — «;. —
P yiz o Q, = Py + PPy (P,,0) )
Whenever the SU transmits in these cases, it uses an averaﬁe i< th babilitv th h h ¢
powerPs(l) when the PU is sensed to be inactive; aﬁ@) whereP is the probability thaf). has got the amount of energy

when the PU is sensed to be active. Note tﬁé%) should sufficient for one secondary packet transmissB((.Fa, Fs)

be lower thanP " to reduce the expected interference o derived in the Appendix andl is given by
the primary transmission. On the other hand, if a NACK is
overheard by the SU, it knows that the PU will retransmit
the lost packet during the next time slot with probability

Being sure that the PU is active in the next slot, the SU +0<sPMD{04fP0(Pp7Ps(1)) +Oé_fP0(Pp70)}

does not need to perform spectrum sensing. Therefore, it

accesses the channel from the beginning of the time slot with + as%{abPo(Pp, P®) + @Py(Py, 0)}. (3)
probability «,. In that case, the SU transmits with average

pO_WGI’Ps(g) § PS(Q) < Ps(l) to reduce its interference to the 1gite-self transitions are not depicted on the graph fouavilarity.
primary receiver. Throughout the papefy =1 — y.

v = a—s{atPo(Pp, PW) + @ Py (P, 0)}



Ay + (1= AT the energy required to support its transmission is avalabl
g peP p/op Q.. This explains the role oP in (@). In addition, the SU’s
. behavior depends on the state of the PU, i.e., the PU being in
To anp a first transmission or a retransmission state. By behawm® h
we refer to the decisions made by the SU concerning spectrum
Yo 0 sensing and access and the choice of transmission powers.
_ AT, B. Average Primary Packet Delay
! °1-Xp n Applying Little’s law [22], we obtain a closed-form expres-
\ sion for the average primary packet delay, which is given by
X1 o2 (1—Qp)
n P 1 00
K Dp:A—Zk(WkJer)- ()
T k> 2 T ’\D(l_Q2P) |:E\1p(1/\_;7):| P x=1
= ° (- —Ap . A . .
S ! - Using the state probabilities provided in Tafle |,
(1=2p)(1=0Qp) | Ap(1—m)
Xiok =2 | o= [<>] b= Q==X+ (=) (L= Q) g
? (M=Ap) (L =2p) (1 =m) T
> e Tk To 2EF{; = Ap IV. BOUNDS ONSECONDARY THROUGHPUT AND
PROBLEM FORMULATION
0o Ap X . . .
Dk—1 Xk o =Xy (1-0p) = T, (1-9Qp) In this section, we derive lower and upper bounds on the

throughput of the SU. Our main goal now is to relax the
interaction betweer). and @), to be able to computé
TABLE I Steady-state distribution for the PU's MC.  and {m, xx};>, and hence, the throughput of the SU can
be characterized.

We denote the probability of miss-detection By;p. On the
other hand, it can be shown thi} is given by A. Lower Bound on s

_ We analyze the effect of the states @f, and (). on the
FpP[q{arPo(Pp,PS(B)HoTrPO(Pp,0)}+§7} +PPy(P,,0). SU throughput. We begin first witl),. If the PU’s service

4) rate is decreased, less number of packets probably depart

We solve for the steady-state distribution of the PU's MC¥p- This implies that the probability of), being empty is
Solving the state balance equations of the MC depicted !pyvered. Therefore, the PU is more likely to be active and
Fig.[2, we obtain the state probabilities which are provided hence, the interference on the SU is increased which lowers
Tablefl. The probabilityr, is obtained using the normalization!tS throughput. This motivates us to derive lower bounds on
condition 3"7° (m + xx) = 1. It should be noticed that ), and I', provided in [2) and[(4), respectively. We note
Ap < 1 whe?en is defined in Tabld]l, is a condition for that the worst case scenario with respect to the PU occurs
the sumy_° (e + x1) to exist. This condition ensures thewhen it experiences continuous possible interference trem

existence of a stationary distribution for the MC. Furtherey SY- Since the SU is assumed backlogged, continuous SU
it guarantees the stability of),, i.e., Q, has a non-zero transmission possibly occurs when it always has the reduire

probability of being empty 7 > 0). energy, i.e.]> = 1. Substituting byP = 1 in @) and (@),
From [2) and[(#), we notice th&t,, andI',, depend on the Q, > ~ 9)

state ofQ, through the ternP. Therefore, we need to model

the energy dissipation from the battery of the SU, i&., Let r, > q{arPo(Pp, PB)) + &Py (P, 0)} +7qv (10)

Pra denote the probability of false alarm. According to the

proposed access protocol described in Secfiod 11-B, thenmeahere is given by [3).

service rate ofQ. is given in [B) at the top of the following On the other hand, we note frorl (5) that the energy dis-

page. sipation fromQ., whenever a secondary transmission occurs,
It is obvious that the service rate ¢, depends on the stateis one of four levels: (i)Ps(l)T, (ii) Ps(l)TS, (i) PS(Q)TS and

of Qp, i.e., m and xi. Thus,Q, and Q. are two interacting (iii) Ps(g)T. We assume thaf), dissipatesPs(l)T for each

queues. The relaxation of this interaction and the comjmutat secondary transmission provided that this energy is aaila

of P is provided in the next section. in Q.. This provides an upper bound on the service rate of
We proceed next with characterizing the SU throughput, i.€). becausePs(l)T is the one which has the highest level

the mean service rate 6f;. It is given in [6) at the top of the among the aforementioned four levels. Hence, the SU battery

following page. The dependence of the SU throughput on bathdepleted faster which negatively impacts its throughplis

Q. and@,, is highlighted in [B). The SU transmits only wherassumption render@. an M/D/1 queue with arrival rate\.



ueﬁo{asatP(l)T+ |:OésOéfPFAP( )JrozsoszFAP( } } (Zwk>{asatp( T+ag |:O[fPMDP( )JrabPMDP( )} }

ZXk) {qar T+q(asat PYT 4y |:OéfPMDP( )+ a,Pyp P2 ):|Ts)}7 whereTy, =T — 7. (5)
=1
pis =P [m {a—satPo(Ps”, 0)+as[aPraPy (P, 0) + an,PraPy (PP, 0)]}

+ Zﬂ'k){a_satPO(Ps(l); Py )+os [oPupPy (P, Py) + o, Pup Py (PP, Pp)]}

=1

<Z Xk) {qarPo P( ) P ) + q(OLSOLtPQ( (1) P ) + g [OéfPMDpl(Ps(l), Pp) + abPl\4DP1(PS(3), Pp)])}:| (6)

and service rat")T. ThereforeP is [12] Substituting by these state probabilities along viitas given
by (I3) in [6), we get an upper bound on the SU throughput.
P=min |1, ——|. (11)
[ Ps(l)T] C. Problem Formulation
We use the lower bounds &1}, andl';, provided on the right  Using the relevant mean service rates under each of the
hand sides off{9) and_{lL0), respectively, to compute the st@groposed bounds, for a fixedl,, the following constrained
probabilities of the PU's MC given by Tablé |. Substitutingoptimization problem is solved numerically
by these state probabilities along withas given by[(1l1) in

(), we get a lower bound on the throughput of the SU. as,af,at,gi)firzl:(il%i;”,PS“) s

B. Upper Bound on s subject to 0 < as, ap, oy, ap,ap < 1
We use a similar approach to the one presented in Section 0<PM, PR PO <P,

[V-Alto derive an upper bound on the SU throughput. When Ap <1

the service rate of the PU’s queue increases, this increases D, < Do. (15)

the availability of time slots in which the PU is silent. Thus

the interference on the SU decreases and its throughpulNig set maximum secondary transmission power constfaint
enhanced. This motivates us to derive upper bound§pn and a threshold), below which the average primary packet
andT,. The best case scenario with respect to the PU occ@&lay is kept. Note that the optimization problem is solved a
when it experiences no interference from the SU, as if the 30 secondary terminal. We use MatLab’s fmincon to solve the
does not exist. This happens when the battery of the SUGdgtimization problems as ifn [19]. [23]-[26] and the referes
always empty, corresponding = 0. Substituting byP = 0 therein.

in @) and [4), we get
Qp
Fp

V. NUMERICAL RESULTS

0(Fp,0) (12) In this section, the performance of the proposed scheme is
0(F,0). (13) evaluated in terms of the SU throughput. We formulate and
solve an optimization problem with the objective of maxi-
izing the secondary throughput subject to certain guaesht
gos measures for the PU. We solve for the optimal sensing
and access probabilities as well as the average secondary
transmission powers that maximize the SU throughput while
simultaneously keeping the PU’s queue stable and the pyimar
packet delay below a certain threshold.
i We show our results for packet-length= 10 bits, time slot
given by [12] durationT' = 1 second and sensing duratien= 0.3 second.
Ao Sensing errors are taken into account through setting =
PO, PO | (14) Pps = 0.3. All links are considered statistically equivalent
s whereo?; = 1 Vi € {p,s} andj € {d,,d.}. The bandwidth
We use the upper bounds &y, andI', provided on the of these channels is set i = 8 Hz. The PU transmits
right hand sides of[{12) and{[13), respectively, to compuis packets with average powdt, = 20 Watts. The power
the state probabilities of the PU's MC given by Talfle Ispectral density of noise is normalized to unity, i.&,, =

< P
< P
On the other hand, we assume thél, dissipates
min[P\? Ty, P{¥T) for each secondary transmission provide
that this energy is available idQ.. This provides a lower
bound on the service rate a.. Hence, the SU battery
lifetime increases which positively impacts its throughpu

This assumption render§. an M/D/1 queue with arrival
rate \. and service rate mji\> 7y, P\* T]. Therefore P is

P =min |1,
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signals on SU throughput and average primary packet delay.
| Towards this objective, we plot the optimal lower bound on
—o—q¢=0.5 us versus), for different values ofg in Fig.[4. We choose
—A—qg=1 Ae = 20 and D, = 10. As shown in the figure, the throughput
of the SU is enhanced asincreases. This shows that the best
case scenario occurs when the SU receives perfect primary
feedback, i.e.q = 1. However, the worst case scenario occurs
when the SU overhears no reliable feedback from the PU, i.e.,
q = 0. The case off = 0 boils down to the case in which the
SU can not overhear/decode the primary feedback signals. On
the other hand, we evaluate the underlying average PU delay.
We use the resulting optimal sensing and access probasiliti
% 0.1 0.2 0.3 0.4 0.5 as well as average secondary transmission powers, useatto pl
Ap [packets/slot] Fig.[4, in computing the average primary packet delay giwen b
(8). It is worth noting that the primary delay computed thgbu
solving [1%) with the objective of maximizing the lower balin
on 1 is an upper bound on the achievable PU delay. In[Big. 5,
we plot the PU’s delay versugsat selected values of,. Thus,
1 Watts/Hz. We choosé’, = 32 Watts (corresponding to ait can be seen that the primary delay is a decreasing function
signal-to-noise-ratie= 6 dB if the SU is transmitting alone). of ¢. Therefore, we reach the conclusion that reliable feedback
As indicated earlierp, < n is the constraint that guaranteesignals overheard by the SU is not only in its interest, but it
the stability of the PU’s queue. also enhances the PU’s performance.

In Fig. 3, we plot the resulting solution of {I15), witf, Furthermore, we investigate the effect of the QoS measures
given by the lower and upper bounds explained in Sectiogsaranteed for the PU on the throughput of the SU. Specif-
V-Aland [V-B] respectively, versus,, at a chosen value of ically, we depict the effect of varying the average primary
q = 0.5 and D, = 10 time slots. This corresponds to a PWjueueing delay constraint on the SU throughput in [Big. 6. The
running a delay-tolerant application. In the figure’s legjene results are plotted far = 0.8 and . = 20 energy packets/slot.
denote the upper bound and lower bound by ‘UB’ and ‘LB’From Fig.[5, we note that the lower bound on SU throughput
respectively. We investigate the effect of the energy alrivis enhanced as the primary delay constraint is relaxed/?.g.
rate atQ). on the SU throughput through plotting the resultts increased. This intuitive result is attributed to thet femat
at different values of\.. As we expected, the figure showdor a less restrictive primary delay constraint, the felesget
that the SU throughput is enhanced Jasincreases. This is of the optimization variables is widened. Thus, we are able t
attributed to the fact that the restriction on the SU’s amtiv achieve better SU throughput at higher values ot
originating from its energy resources is relaxedagcreases.  In Fig. [d, we show the essence of performing power
From the figure, we note that the gap between the inner aaltbcation at the SU. We plot the resulting optimal lower
the outer bound decreases with the increasg.of bound onug with and without optimizing over the powers

Next, we depict the effect of unreliable primary feedback”, P? and P{¥. In the latter case, we see!"), pP®

o
B

o
3

o o o
) w IS

SU throughput [packets/slot]

o©
ia

Fig. 4: Optimal lower bound o versush, for different
values ofgq.



0.7 : : : : effect of erroneous primary feedback signals overheardhby t
—0—D, =3 SU. We show that reliable feedback is in the interest of both

1 the PU and SU. Moreover, we show the essence of performing
power allocation at the SU compared to schemes in which SUs
transmit with their maximum permissible power.

—a— D, =4

0.4r APPENDIX

We derive the probability of successful transmission in
the presence of interference. Consider two nodgsand
B, transmitting to a common destinatiod, with average
powersP, and Pg, respectively. With respect o, node’'sA

o
w

o
N

SU throughput [packets/slot]

D, increases

0.1 transmission is the intended signal, while nd@lis considered

0 ‘ ‘ " an interferer. In a given time slot4 transmits one packet

0 0.1 0.2 . 0.5 (8 bits). The transmission duration is eith& — 7 or T
Ap [packets/slot] (seconds) depending on whether the transmission is précede
Fig. 6: Optimal lower bound op versus),, for different by a sensing phase or not, respectively. Thus, the transmiss
values of delay constraint. rate is given by
B

| = ,1e€{0,1}. 16
0.7 : : : r=m—0 1€{0,1} (16)

_O_P5(3) — P5(2> — Ps(l)

Consequently, we use the notion of channel outage to write
the probability of success on the link — d as

Palhaal?
Pi(Fy, =Pr< Wlog|1 : > 17
(Px, ) { Og[ TN+ Bonaz) 40
where W is the channel bandwidth and {£r} denotes the
probability of eventf. After some algebraic manipulation,

i

2% —1 (2% — DRylhpal?

SU throughput [packets/slot]

Pi(Fa, PB)ZF"f{lhA,cﬂ2 >

Pr/(NW) Py
. . (18)
% o1 0.2 0.3 04 05 For the ease of exposition, let= 5275y, b = @ Wp;l)Hg
Ap [packets/slot] and X = |hpq|?. Thus, we have
Fig. 7: Effect of power allocation on SU throughput. PPy, B) = pr{|hA d?>a+ bX}. (19)

Using total probability theor 9) can be written as
and P*) to their maximum possible value, i.eb,. We set 9 P 4 yL9)

Ae = 20 energy packets/slot and= 0.8. From the figure, we PP, ) — /-oo Pr{IhA a?>a+ bx} fx(z)dz  (20)
note that the SU throughput is enhanced when we optimize 0 ’

over t?l? tra?Qs)mission(?E))O\{vers and the resulting optimalesaluyhere fx(.) denotes the probability density function (PDF)
for Ps/, 5™ and Px™ is definitely less thanf%. Thus, of X. Following the channel model described in Seciidn II,

we achieve higher SU throughput at lower average power, 4|2 ~ exp(1/02 q) and X ~ exp(1/o3 4)- Therefore,
consumption. We note that at, = 0.3759 packets/slot, the ’ ’

problem becomes infeasible and there are no optimization Pr{lhaal®> >a+bz} = e~ (a+bn)/oR.a (21)
variables would satisfy the primary constraints. Hence,ShJ 1 )
remains silent and it gains no access to the channel. fx(z) = 02—67“3/”‘3*”‘- (22)
B.d
VI. CONCLUSION Substituting by[(211) and(22) ifi.(0) and solving the intégra

probability of success on the link — d in the presence

We propose a novel random spectrum sensing and acc _ S
an interferer B) is given by

scheme for a cognitive radio SU equipped with energy hdt

vesting capability. The cognitive user utilizes the prignar o3 4 e—/74

feedback signals to decide on its spectrum sensing andsacces Pi(Py, B) = = a7 (23)
probabilities. Furthermore, we optimize over the SU’s $ran Tad TP %5
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