arxiv:1401.3387v3 [cs.IT] 8 Jul 2014

Maximum Throughput

of a Cooperative Energy

Harvesting Cognitive Radio User

Ahmed E| ShafieMember, |IEEE, Tamer KhattabMember, IEEE, and H. Vincent PoorFellow, IEEE

Abstract—In this paper, we investigate the maximum through-
put of a saturated rechargeable secondary user (SU) sharing
the spectrum with a primary user (PU). The SU harvests
energy packets (tokens) from the environment with a certain
harvesting rate. All transmitters are assumed to have data
buffers to store the incoming data packets. In addition to i
own traffic buffer, the SU has a buffer for storing the admitted
primary packets for relaying; and a buffer for storing the energy
tokens harvested from the environment. We propose a new
cooperative cognitive relaying protocol that allows the SUo relay
a fraction of the undelivered primary packets. We consider a
interference channel model (or a multipacket reception (M)
channel model), where concurrent transmissions can survey
from interference with certain probability characterized by the
complement of channel outages. The proposed protocol exji®
the primary queue burstiness and receivers’ MPR capability
In addition, it efficiently expends the secondary energy to&ns
under the objective of secondary throughput maximization.Our
numerical results show the benefits of cooperation, receivg
MPR capability, and secondary energy queue arrival rate on e
system performance from a network layer standpoint.

Index Terms—Cognitive radio, relaying, protocol, cooperation,
throughput analysis, queue stability.

I. INTRODUCTION

Energy harvesting technology is an emerging technology
for energy-constrained terminals which allows the trassmi
ter to collect (harvest) energy from its environment. For a
comprehensive overview of the different energy harvesting
technologies, the reader is referred [td [2] and the refa®nc
therein.

Data transmission by an energy harvester with a recharge-
able battery has got a lot of attention recenfly [B]+[11]. In
[3], the optimal online policy for controlling admissionstd
the data buffer is derived using a dynamic programming
framework. In[[4], energy management policies which siail
the data queue are proposed for single-user communication
and some delay-optimal properties are derived.[Tn [5], the
optimality of a variant of the back-pressure algorithm gsin
energy queues is shown.

The authors of[[6] considered a cognitive scenario where
two different priority nodes share a common channel. The
higher priority user (PU) has a rechargeable battery, wdsere
the lower priority user (SU) is plugged to a reliable powegs-su
ply and therefore has energy each time slot without linotagi
In [7], the authors investigated a cognitive setting witheon
PU and one rechargeable SU. The SU randomly accesses and
senses the primary channel and can possibly leverage primar

Sfecondary utilization of a licensed primary band can efgedback. Receivers are capable of decoding under inéexder
iciently enhance the spectrum usage and improve g they have multipacket reception (MPR) capabilities. The
scarcity. Secondary users (SUs) can use the spectrum unglghors investigated the maximum secondary throughpterund
certain quality of service requirements for the primaryrasestabi”ty and delay constraints on the primary queue[ln [8]
(PUs). High performance wireless communication networkge SU randomly accesses the channel at the beginning of the
relies, among other technologies, on cooperative commtnigme sjot to exploit the MPR capability of receivers. The SU

tions, where nodes cooperate to mitigate fading.

aims at maximizing its throughput under stability and quege

In many practical situatipns and applications in V\(ireles§e|ay constraints on the primary queue. [ [9], El Shafie
sensor networks, the SU is a battery operated device. T4€investigated the maximum stable throughput of an energy
secondary operation, which involves spectrum sensing apgrvesting SU under stability of an energy harvesting pryma
access, is accompanied by energy consumption. Consegluefinsmitter. The SU selects a sensing duration each time
an energy-aware (energy-efficient) SU must optimize itsserjot from a predefined set such that its stable throughput is
ing and access decisions to efficiently invest the availabd¢aximized under the stability of the primary queue.
energy. When the SU is capable of relaying, it should alsocopperative cognitive relaying has got extensive attentio
optimize its decision on accepting other nodes packets f,@rcenﬂy [10]-[T4]. In [12], Sadekt al. proposed cognitive
relaying. This is because accepting a packet for relayinlg Whrotocols for a multiple access system with a single relay th

require its retransmission and therefore consumes energy.
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aids the transmitting nodes. The proposed cooperativeprot
cols enable the relaying node to help a set of buffered transm
ters operating in a time-division multiple access netwohew
their queues are empty due to source burstiness. The segonda
throughput of the proposed protocol as well as the delay
of symmetric nodes were investigated. The authors of [13]
investigated a network composing of one primary transmitte
receiver pair and one secondary transmitter-receiver ph#
cognitive radio transmitter aims at maximizing its thropgh

via optimizing its transmit power such that the primary and
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the relaying queues are maintained stable. [M In Section[I\, we provide some numerical results. The
Integrating cooperative communications and energy harvesonclusions are drawn in Sectibd V.

ing technologies has been considered in several works such a

[10] and [11]. In [ﬂ)]Z thg authqrs investigate the effedtaet- . Il. SYSTEM MODEL

work layer cooperation in a wireless three-node network wit ] ) . ] )

energy harvesting nodes and bursty data traffic. The authordVe consider a simple configuration comprised of one

derived the maximum stable throughput of the source as wiifhargeable battery operated secondary transmitteone

as the required transmitted power for both a non-cooperatRecondary destinationly’, one primary transmitterp’ and

and an orthogonal decode-and-forward cooperative schenf¥ Primary destinationd,’. The network model is shown

In [L1], the authors study the impact of the energy queue en th Fig.[. The primary transmitter-receiver pair operatesro

maximum stable throughput of a cooperative energy han@st?'oned channels. T|mg is slotted :?mc_i a slot7isseconds

SU that utilizes the spectrum whenever the PU’s queueu;glength. Each tr_ansmlttgr has_ an |_nf|n|te—length data dyuff

empty. The authors assume an energy packet consumpﬁ%Heue) to store its own incoming fixed-length data packets,

in either data decoding or data transmission. Inner andr ouf€noted by, £ € {p, s}. In addition to its own traffic queue,
bounds are derived for the secondary throughput the cognitive user has an infinite capacity buffer to stoee th

In this work, we investigate the maximum throughput fof"eray packets harvested from the environment; and ant@fini

an energy harvesting SU in presence of a PU. In contrastq@Pacity relaying queue to store the accepted primary packe
[L1] and [10], we consider a generalized MPR channel mod&f relaying] Let @, denote the secondary relaying queue and
and propose a new cooperative protocol which exploits tk& denote the secondary energy queue with mean arrival rates
MPR capability of the receivers. In the proposed coopegatif) < Ar < 1 packets/slot and < A. <1 energy packets/slot,
cognitive relaying protocol, the SU cooperatively relaysae- respectively. The secondary data_ queue is assumed to be
tion of undelivered primary packets. The flow of the primargaturated (always backlogged). Arrivals at que@gsand Q.
packets through the SU’s relaying queue is controlled usif§€ @ssumed to be Bernoulli random variables [15], [16]. The
some tunable parameters which depend on the channelgyqudlifivals at each queue are assumed to be independent and
and other queues states. The proposed cooperative C@gniﬁ{@npcally distributed (i.i.d.). The Bem_oulh modell isngole,
relaying protocol allows the SU to transmit simultaneousiut it captures the random availability of ambient energy
with the PU at a fraction of the time slots to exploit théources. In t_he analysis of dlscrete.—nme queues, Beiinoull
MPR capability of the receiving nodes. The proposed prdtocd/Tivals see time averages (BASTA) is an important feature,
is simple and doesn’t require continuous estimation of tA¥ICh is equivalent to the Poisson arrivals see time average
channel state information (CSI) at the transmitting teatsn (PASTA) property in continuous-time systers [8]. Arrivale

The contributions of this paper can be summarized also independent from queue to queue. The mean arrival rate
follows: to the primary queusy),, is A, € [0, 1] packets/slot. All data

« We propose a new cooperative cognitive relaying protocBﬁCkEtS are of siz8 bits. _W(_e assume that one energy packet
which exploits primary queue burstiness and receiveis needed for the transmission of one data packet. The energy

MPR capability while efficiently managing the SU'sduéue has energy packets eacte@nergy units. For similar
energy expenditure. ass_umptlons of infinite size of data buffers and mod_ellng the
« We derive the channel outages probabilities in case @ffivals of data and energy queues as Bernoulli arrivats, th
energy harvesting nodes and the presence of delays“?ﬁ‘der is referred td [6]=[10] and the references therein.
transmission with and without concurrent transmissions. The proposed cooperative cognitive relaying protocol and
Moreover, we shed light on some important issues relatf theoretical development in this work can be readily gen-

to access delays on channel outages with and withdifglized to networks with more than one PU and more than
concurrent transmissions. one SU, where several PUs may choose one or more SUs or

« We derive service and arrival mean service rates exprdd¢ best SU for coopera_titﬂm _ _ _
sions. All wireless links exhibit a stationary non-selective Reigh

« We investigate the maximum throughput of the SU und®lock fading. The instantaneous channel fading coeffioint
the stability of all other queues in the system. link 7 — k (link connecting nodeg and k) remains constant

« We study the impact of the MPR capability of the reduring a time slotT e {1,2,3,...}, but changes indepen-
ceivers and the secondary energy queue on the secondjeﬁrg}“y and identically from one slot to another according to
throughput. a circularly symme_tric complex _Gaus;ian distribution with

« To make the characterization of the secondary through@@'© mean and variance;,. Received signals at nodeare
feasible, we consider three approximated systems: two@¥Tupted by complex additive white Gaussian noise (AWGN)

them are shown to be inner bounds on the performance¥th zero mean and varianct, Watts.

the original system, whereas the third is shown to be an_ . . R N
b d th f fth iginal t This is a reasonable approximation if the energy contaimsidé one
c_>uter ou_n on the periormance or the origina SYS emsnergy packet is much less than the total capacity of theggrieiffer (or the
This paper is structured as follows: Next we describe thettery storage capacity])1[8]. 10].

system model adopted in this paper. We explain the proposegdlhe considered network can be seen as part of a larger netwitk
multiple primary nodes assigned to orthogonal frequenaydbeor different

cpoperatlve cognitive relaylng protocol and prowde thalym time slots via employing frequency division multiple-asseor time division
sis of the queues rates and the problem formulation in Secti@ultiple-access, respectively.



is explained with details in Appendix A.

A fundamental performance measure of a communication
network is the stability of its queues. Stability can be dedin
rigorously as follows. Denote by)® the length of queue
@ at the beginning of time slofl. Queue@ with mean
arrival rate A and mean service ratg is said to be stable
if limy o0 limp oo Pr{Q™ < x} = 1 [12], wherePr{.}
denotes the probability of the event in the argument. For
strictly stationary arrival and service processes, qU@UE
stable ifx > A. In a multiqueue system, the system is stable
whenall queues are stable.

IIl. PROPOSED COOPERATIVE COGNITIVE RELAYING

PROTOCOL
Fig. 1. Primary and secondary queues and links. In the figheesolid lines

are the communication channels while the dashed lines aréntarference

In this section, we describe in details the proposed cooper-
channels.

ative cognitive relaying protocol, denoted 5y The time slot
structure is shown in Fidl 2. At the beginning of the time slot

Let ¢;x denote the fading gain of ling — k. We do not if the sgcondary energy queue is_nonempty,.the SU may decide
assume the availability of CSI at the transmitters. SineeRty 10 receive the primary packet with probabilifyor decide to
transmits from the beginning of the time slot over the whofccess the channel using one of its queues with probability
slot duration if its queue is nonempty, the spectral effigen /8 Accessing the channel at the beginning of the time slot is
of the primary terminal isk, = B/(TW) bits/sec/Hz, where Motivated by the following facts:

W is the channel bandwidth. The cognitive radio user may e First, it may be the case that using the whole time in data
transmit either at the beginning of the time slot or after transmission provides higher throughput than wasting
7 seconds from the beginning of the time slot. Hence, the seconds for channel sensing, specially at low primary

secondary transmission time E(Z) =T —1i1, wherei =0 if
the SU transmits at =0, and¢ =1 if the SU transmits at
t=r. The spectral efficiency of the secondary transmission is
either R”) = B/(TW) bits/sec/Hz orR") = B/((T—7)W)
bits/sec/Hz fori = 0 and ¢ = 1, respectively. Note that the
decision duration, 7, should be long enough to justify the e
perfect detection of the primary queue sfthe PU transmits
data with a fixed powelP, Watts, whereas the SU transmits
with power PV = e/T; Watts, i € {0,1}. The secondary
transmit power is a function of the time instant in which the °
SU starts data transmission within the time slot. Outage of
a link occurs when the instantaneous capacity of that link is
lower than the transmitted spectral efficiency rate [7], [8D].
Assume that nodg¢ transmits a packet to nodeand at the
same time node transmits to its respective receiver. Due to
the broadcast nature of the wireless communication channel

arrival rate as the PU will be inactive during most of
the time slots. Moreover, the probability of being in
outage of a link decreases with the total time used in
data transmission over that link. This fact is discussed
and its formula is proved in Appendix A.

Second, the presence of MPR capability at the receiving
nodes allows packets decoding under interference with
nonzero probability, which can be exploited by the SU to
boost its throughput.

Third, as will be explained in details later, due to the fixed
energy transmission property of the energy harvesting
SU, secondary delays of channel access may increase
the interference at the primary destination due to the
increases of the secondary transmit power, which in turn
reduces the probability of successful decoding of the
primary packets at the primary destination.

the signal transmitted by nodearrives at nodé: and causes Based on these observations, channel accessing at the begin
interference with the signal transmitted by nogleLet us ning of the time slot may be useful for certain scenarios
assume that nodgstarts transmission at=i7, whereas node and under specific system and channel parameters. On the
v starts transmission at= nr, wherei,n € {0,1}. Under contrary, if the SU decides to receive the primary packet in a
this setting, the probability that a transmitted packet bgen time slot, it will take another action/decision afterseconds

j being successfully received at notlés P}’ :1—P.<;:>_ from the beginning of the time slot. Theecision duration

(see Appendix A for the exact expressi(J)IFf)ZTl If transjrﬁli&er 7 is designed such that the information signal sent from the

sends its packet alone (without interference) to nédand PU to the SU about the primary queue current state, empty
starts transmission at= ir, the probability of that packet OF nonempty, is received correctly with probability one at
being successfully decoded Atis P;; ;. The physical layer the SU. This is important for designing an efficient access
protocol on the basis of the actual state of the time slot, i.e

3We assume here that the PU and the SU dedicate a special thatime busy/free. As mentioned earlier, nodes dedicate a small ban

small bandwidth for sharing state information of the PU. &fimlly, during ; ; ; ;
the firstT seconds of the time slot, the PU cooperatively sends its aveue o cooperatlvely exchange information regardlng the dctua

state, i.e., empty or nonempty, to the SU each time slot dverdedicated State of the PU. The transmission of the state occurs over the

bandwidth. This can be done through one-bit signal sent fiteenPU to the
Su.

4Throughout this paper=1—¢.



time interval[0, 7], wherer is assumed to be the transmissiol
time of the information and is chosen to result in a negligibl t=0 t=r1 t=T
decoding errors of these information at the SU. : :

We summarize the medium access control (MAC) as fol-
lows:

o The PU transmits the packet at the head of its queue.

« During the time interval0, 7], the PU sends its queue
state (empty or nonempty) to the SU over the dedicated
bandwidth for information exchange. T

« If the SU has energy packets and decides to access the
channel at the beginning of the time slot, it ignores the irfFig. 2. Time slot structure.
formation sent from the PU and resumes its transmission

till the end of the time slot. This happens with probability ) )
1-f. packets and is used for controlling the throughput of the

« If at the beginning of the time slot the SU decides to ré€laying queue. Choosing = 1 gives full priority to the
r?elaymg packets over the secondary packets, while- 0

e T
: Y v

A

ceive the primary packet, which happens with probabili - _ i
f, it adjusts its receiving end to the receiving mode ari@vers the secondary packets (i.e., no selection for treyirey

starts to collect data from the primary transmission. Packets). By varying’ betweer) and1, we can maximize the

. Based on the received state signal from the PU, the ggcondary throughput under stability of the other queues.
perfectly discerns the state of the PU. We would like to emphasize here the importance of having

@ferent parameters associated with the different stdte o

« If the PU’s queue is nonempty and the secondary ener% _ .
queue is nonempty, the SU decides whether to resume € gqueues in the system. Having such parameters enhance

mary packet reception, which occurs with probability the system performance and help in achieving the optimal

or to access the channel concurrently with the PU usif§rformance of the network under investigation. _
one of its data queues, which occurs with probabitity It should be noted that the probability of outage of a certain

In the latter case, accessing the channel simultaneoudfj} depends on the time available for data transmission.
with the PU is motivated by the presence of the vpREnce, the probability of outage when the SU transmits at
capability at receivers. the beginning of the time slot is less than the probability of

. If the PU's queue is empty and the secondary ener&l,ltage when it starts data transmissiont at 7. Although
queue is nonempty, the SU accesses the channel wH${ng lower transmission time raises the secondary tratesimi
probability 1 using one of its data queues. power,e/(T—r), the channel outage raises as V\E|! [7], [9] (see

. If at the beginning of the time slot the SU has no energﬁrppend'x A for proof). We should not_e t.hat .the mterfere_znce
packets in its energy queue, it decides whether to receff@used by the SU on the PU’s transmission increases with the
the primary packet, which occurs with probability or delay in secondary data transmission. This happens because
notll Note that since there is no energy in the seconda'ihye sec_ondary transmit power raises as mentioned earhier. T
energy queue, there is no need to take another decisl§Rder is referred to Appendix A for more details.
att — r seconds. This is because the SU is incapablet the far end of each time slot, a feedback
of establishing any data transmission due to the lack 8fknowledgement/negative-acknowledgement (ACK/NACK)

energy. In such cases, the probability of receiving treignal _is sent from the recei\_/(_er to inform _the respective
primary packet isy, whereas the probability of remainingtransm'tter about the decodability status of its packete Th
silent till the end of the current time slot i feedback message is overheard by all nodes in the network

At the far end of the time slot, the SU decides, on thdue to the wireless channel broadcast nature. Decodingserro
basis of its ability to decode the primary packet an@f the feedback messages at the transmitters are negligible
the status of primary packet decoding at the primaWhiCh is reasonable for short length packets as low rate and
destination, whether to accept or reject the admission $fOnd codes can be employed in the feedback chahnel [12],
the primary packet to the relaying queue. The acceptar@]' If a packet is received correctly at its destinationisi

probability of a primary packet i§, whereas the rejection hen removed from the system. . o
probability is F=1— 3. For the primary packets, if the primary destination can

If th lavi . . the SU select dgcode the transmitted packet, it sends back an ACK and the
T Ihe relaying queue s nonemply, the > Selects one 8 cket leaves the system. If the SU can decode the packet
its packets for transmission with probabilify=1 — T'; or

. X d th ket is admitted ted) f layi hile th
selects one of the relaying packets with probabilitylf the an e packet is admitted (accepted) for relaying while the

lavi . v the SU the ch I §rimary destination cannot, the SU sends back an ACK and
relaying queue 1s empty, the accesses he channel Uiiglpy drops that packet. If the SU cannot decode the primary
its own packets with probability. The selection probability

oo . . packet; or if it can correctly decode the packet but decides
[' represents the relative importance of the primary relaylrfg reject it and the primary destination fails in decoding th

SWe assume very small energy needed for packets decodinghibi packet, the PU retransmits that packet at the following time
reasonable due to its small value relative to the energy aekat (or energy Sk_)t' We nOte. th"f‘t the feedback S'gnals sgnt py the SU and the
needed for data transmission). primary destination are separated either in time or frequen



A. Queues Service and Arrival Processes packet atQ), occurs when the primary queue is nonempty.
An energy packet is consumed from the secondary energy

Let us first consider the packets of the primary QUEBE.A 06 in a time slot if the SU decides to transmit a data packet
packet departs the primary queue in either one of the foligwi from one of its data queues. The mean service rat@.ofs
events. If the linkp — d,, is not in outage; or if the link then given by

p — dp is in outage, the linkp — s is not in outage, and .
the SU decides to admit the packet to the relaying queue.td=f+Pr{Q, # 0} fG + fPr{Q,#0}=1-Pr{Q, # 0} fw.
successfully received packet by either the primary detina %)
or the SU will be dropped from the primary queue. The mea}rq

service rate of the primary queue is then given by (@, f means that the SU accesses the channel-at)

Pr{Q, # 0}fw means that the SU decides to access the
channel att = 7 seconds, which occurs with probability
fp=Poa, 0 | Pr{Qe 70} + [Pr{Qc # O}w when{Q, # 0}; and fPr{Q,#0} means that the SU decides
to access the channel afterseconds with probability one
when{Q,=0}.
Relaying the primary packets by the SU may seem to waste
the time slots that could be used otherwise for its own packet
+Pody.0 s 0(@Pr{Qe # 0} + fPr{Qe # 0}w)8 However, it turns out that the SU is indeed gaining since
whered,q, 00 anddya, 01 denote the reduction iR,q, o due Opportunistic relaying of primary packets results in enmdy
to concurrent transmission when the SU accesses the charfd@ivicing) the primary queue faster as the service prockss
att=0 andt =T, respectively. The definition and derivatiorthe primary queue increases; in return, more network ressur
ofm andd;y, ;, are provided in Appendix A. It should becan be utilized for delivering the secondary packets. As a
pointed out here that without cooperation the maximum me#gsult, all users simultaneously achieve performancesgain
service rate for the primary queue 13,q,,0, whereas with
cooperation the maximum achievable primary mean serviBe Approximated Systems

rate is Pod, 0 + Ppd,,0Pps0, Which is attained when the  rhe service processes of the primary data queue and the
SU setsjj = a = f =w = 1. Thus, the maximum achievablesacondary energy queue are coupled, i.e., interactingegueu
throughput of the PU is increased B}, 0 Pys,0 PAckets per This means that the departure of a packet at any of them
time slot. depends on the state of the other. Hence, we cannot analyze th

A packet fromd); is served if the secondary energy queugystem performance or compute the service process of each
is nonempty, the SU decides to access the channel €3ing queue directly. For this reason, we study three approxitate
and the links — d is not in outage. The mean service ratgystems. Two of them provide inner bounds and the third
of Qs is given by provides an outer bound on the actual performance.

= _ In the first approximated system, we assume that the PU
MS_PSdS’O(f(Pr{Qp#O’Qe#o}éSdS’OOJFPr{Qp_O’Q‘ﬁéo}) transmits dummy packets when its queue is empty. These

_ 1
+Pr{Qc # 0}(dpa,,00f + 6pdp.,01fw)> M

+SSd~f(wPr{Qp7£07Qc#o}(ssdv o packets may interfere with the SU in case of concurrent
’ transmissions, but do not contribute on the throughput ef th
+Pr{Qp:O,QC;£O})) PU. The essence of such assumption is to cause a constant

_ T interference with the SU to decouple the queue interaction
X (FPY{QHAO} + Pr{Qr?’éO})’ and to render the computation of nodes’ service rates gessib
(2) Under such assumption, the probability of the primary queue
) — _ _ _ being empty is set to zero; that iBr{Q, = 0} = 0 and
whered;;, = = is defined in Appendix A. Pr{Q, # 0} = 1[d Since the PU is always backlogged (has at

Similarly, the mean service rate G, is given by least one packet at its queue in each time slot), the pratyabil
. of the SU finds a free time slot is zero. Thus, all time slot$ tha
tr = Psa,, 0T (f (Pr{Qp#07Qc7ﬁ0}5sdp700+Pr{Qp:OaQo#O}) the SU decides to access in are occupied by the PU. Hence, the
A - service rates of the secondary queugsand(),, are reduced
054, (wPr{Qp 70, Qe #0}0sa, 10 relative to the original system in which the PU’s queue may be
+Pr{Qp:()7Qc7go})). empty in some time slpts and thg SU can access the channel
3) alone] Accordingly, this system is an inner bound for the
original system.
The mean arrival rate of the relaying queue is obtainedIn the second approximated system, we assume an energy
directly from [3). That is, packet dissipation in each time slot, which implies that=

6This is actually the stochastic dominance approach extelgsinvestigated
A :dep,OPps,O (an{Qe i 0} + fPr{Qe;«éO}w> 5Pr{Qp #O}m the literature, see for examplel [7[.] [8]._[10I._112]_117L8].
7Accessing the channel alone (without interference) pewid successful
(4) packet decoding at the relevant receiver higher than the ohgoncurrent
transmission as is obvious. The reader is referred to Appeddor proofs
wherePr{Q@, # 0} in @) means that the arrival of a primaryand further details.



1 energy packet per time slot. Under such assumption, tfibe probability of the relaying queue being nonempty is give
probability of the energy queue being empty is significantlly)E
increased relative to the original systgnConsequently, the A
secondary packets get service less frequently. Furthexrtioe Pr{Q, # 0} =m=—. (10)
relaying packets get service in a lower rate, hence the @fent ) Hr
primary queue being empty decreases as the SU may decrddt@ mean service rate 6}; becomes
the acceptance ratio of the relaying packets to maintain its 5 7 = —
relaying queue stability. Thus, the possibility of havinfyee s =Feds 0 [7205d,.00 (er * Wr)' (11)
time slot or an interference-free time slot for the SU is @&l The primary queue mean service rate is given by
as well. Accordingly, this system is an inner bound on the _ _
original system. Hp Zdep,o((l—V_o f)+5pdp,oof1/_o)

In the third approximated s_ystem, we assume t.hat the —i—dep,om(al/o—FfV_o)B.
departure of the energy queue is almost zero, or equivg/entl
the probability of having an energy packet stored in the We note that the queues are not interacting anymore. Hence,
secondary energy queue in any time slot is one. This syst¥fi can apply Loynes theorem to check the stability of the
is an outer bound on the 0rigina| System as the SU whlueues and obtain the maximum stable throughput based
always be able to access the channel for transmitting its o®f the first approximated system via solving the following
packets or retransmitting the relayed primary packets eagpnstrained optimization problem.
time slot, if there is a chance for the SU to access the channel
Hence, all service rates of the data queues will be increased max . fer St A < i Ap < s (13)
simultaneously. B.f.aT

1) First approximated system, Inner bound: In this case, where p,, A, i and pp are in [8), @), M) and[{12),
denoted bys;, the PU is always backlogged. If the SU decidegespectively.
not to access the channel at the beginning of the time Slot, itFor a givenf andﬂ’ we can get a closed-form expressions
will not access later at=r7. This is because the PU is alwaysor I" and «, then we solve a family of convex optimization
active and wasting seconds for knowing the activity state ofproblems parameterized by and f. Specifically, the optimal
the PU will not lead to any gains in terms of secondary queussjutions of ' and a are a set of points which satisfies the
throughput. Therefore, the optimal is w* = 1. Moreover, stability constraint of the primary and relaying queuebitity,

the decision on accessing the channel or receiving of thespectively. Using{32), the optimal for a fixed f and 3 is
primary packet is taken at the early beginning of the tir‘r@ven by

slot, specifically at = 0. If the secondary energy queue is

(12)

nonempty, the SU decides to access the channel by one of its Ap—dep,o((l—VT ?Hépdp,oo?m) -
gueue with probabilityf or decides to receive the possible . Poap .0 Pps.03 — s (14)
primary transmission with probabilityf. If the secondary o= Vo :

energy queue is empty, the SU cannot transmit data and it
decision becomes whether to receive of the possible primeH;P/e ootimall” is given b
transmission with probability or remain idle with probability P g y
1—a. At the end of the time slot, the SU decides whether to o — Pody,0Pps,0(*vo+ [75)3
admit the primary packet or to reject it, as explained earlie = Poa o [Pa0sd. 0 ’
. . . Sdp, oVsdp,
Under the first approximated system, the mean service rate of o ) ) )
the energy queue is given by wherea* is given in [1%). The optimab and f are obtained
via grid search and are selected as the pair of parameters
fe=1— f. (6) that yields the highest objective function [0 ]13). Frdm)(15
) ) _ ) ) we note that the optimal selection probability of the refayi
Using the results provided in Appendix B (setting=..=  queue for transmissior;*, increases with increasing the ac-

1—f), the probability of the energy queue being empty is givegkptance probability of the primary undelivered packétsind

%Jsing the constraint on the stability of the relaying queue,

V

(15)

by N the flow rate to the relaying qued:@;)dpyom(a*yo—i—fy__o)ﬁ.
vo=1——"2—. (7) This is because the SU should increase the selectio@,of
17 for transmission to maintain the relaying queue stability.
Based on this, the relaying queue departure and arrival mesftiition, I'* increases with decreasing @tq, o f750sq, 0.
rates are, respectively, given by This is becaus&, o fPsdsa,,0 determines the probability
- of certain transmitted packet from the relaying queue being
pr =Psa, oL fV505d,.0, (®) correctly received at the primary destination and thegefor
L this term is high, the SU will not need several transmissin f
Ar = Ppa,,0Pps,0 (avo—i-fv_o) B. (9) the same packet each time slot. Hence, the SU can reduce the

9The expression if(21) is obtained via solving the Markovircimaodeling
8This is actually the highest probability for a queue to be snigecause the relaying queue when its arrival and service processedenouple of the
the service rate i¢ packets/slot. other queue and become computable.



probability of choosing the relaying queue for transmissiong the following problem.
at a time slot and rather it could use that time slot for the max ot N
transmission of its own packets. e e S A S e Ap = M, (23)

2) Second approximated system, Inner bound: In this ap- \yhere Lo 11, A and p are in [I7), D), [(20), and (22),
proximated system, denoted 5%, we assume that an energyespectively.
packet is consumed per time slot. That i, = 1 energy e conjecture that the throughput region of the second
packets per time slot. The probability of the energy queugproximated system contains that of the first approximated

being empty is given by system. This is because, in contrast to the second approxi-
Ae mated system where there can be free time slots, in the first
’/0:1_;:1_/\6' (16) approximated system, the PU is always backlogged; hence,

. . . . it always interferes with the SU and the probability of a
We can interpret the probability, as the fraction of time slots free time slot for the SU is zero. Since the probability of

that can be used by the SU for data transmission. It should bé o . . )
. : o .success transmission under interference is low, the ervic
pointed out here that under this approximation the buffee si

does not change the state probabilities. Hence, does net h%i‘i\l’;esﬁrgz t:p)eprigifr]zgggugjssa rri dg(;rseeaasec()jn S;ggltflcta;]r;tlysélcnodnedr

any impact on the queues’ rates. The Markov chain modelin . :
A ) : proximated system always provides better performarare th
the energy queue in this case is composing of two states onfy. .. .
e first approximated system.

state0 where the energy queue has no packets, and $tat_e_ 3) Third approximated system, Outer bound: In this case,
where the energy queue has only one packet. The probab|Hté/ ted bvs ' backl q
of the energy queue having more than one paakgetk > 2, noted bySs, we consider a backlogged energy queue.

is 7610 This means that there exists at least one energy packet each

. . time slot in Q.. This case can happen wheg = 1 energy
The mean service rate @, is given by packets/slot regardless of the value /@f. In this case, the

—Poa ol O + FAew)+ X0 00f + Oua 01 [T probability of the energy queue being nonempty approaches
He pd‘”o(( PAew)+ el pf’wf pdp.01f )) (17) the unity. The service and arrival rates are obtained djrect
+ Ppd,,,0Pps,0(@e + fAew) 5. from (1), (2), (3), (4) and (5) wittPr{Q. # 0} = 1. The
The probability of the primary queue being nonempty is givehean service and arrival rates of the queues are then given by
by pp=Ppd,0 (fw+(5pdp,007 + 6pdp,01fw)) +Ppa,,0Pps,0fwh,
\ (24)
Pr{Q, # 0} =m,=-2. (18) - .
’ ’ Hp My :Psdp,Ol—‘(f (ﬂ-pésdp,OO +7T_p) + f(ssdp (wﬂ—pésdp,lo +7T_p))a
The relaying queue mean service and arrival rates are,aespe (25)

tively, given by

- R /\r:dep,OPps,Ofwﬂﬂ'pa (26)
fie =AePsa, oL ( f(7p0sd,,00+7p) + f0sd, (0sd,, 1007 +T5) ),
dp:0 ( (P dp-00 P) d ( Ao 10T 12)1)9) wherer,, in (28) and [2B) follows[{I8) with., in 24), and

Hs = Psds,O (7 (ﬂ'p(ssds,OO + 7'r_p) ‘i',fgsdS (wﬂ'p(ssds,lO +7T_p))

A= Py, 0Poso <aX+ f/\ew> By, (20) x (Fmﬂ—r) ,
(27)
_The probability of the relaying queue being nonempty \%/here . follows (1) with 4, and A, in @5) and [Z6),
given bE respectively.
Pr{Q, £ 0} =, — ﬁ 21) The ogter bound can be computed by solving the following
fhr problem:
The mean service rate @J; is then given by max . Hsy st A < e, Ap < phps (28)
B,f,w,I
po = Prar e (7 (0,00 +75) +000. (@000, 10+ 75))  where iy, i, e and . are in (23), 25), 26), andR7),
« (Tw +7T_) respectively.
ey The optimization problems are solved numerically at the SU

(22) for a given channels and system parameters. Specificatly, fo
Since the queues are decoupled in the second approximategiven parameters, the SU solves the optimization problem
system, the maximum secondary throughput is given by soRRd use the optimal parameters for the system’s operation.

10The expression if{21) is obtained via solving the Markoviciaodeling  C. Some Important Remarks
the relaying queue when its arrival and service processesenouple of the . .
other queue and become computable. Following are some important remarks.



1) First Remark: Using the results in Appendix A, thelead to the fact that the achievable secondary rate is isetea
complement of outage probability of link — d,, when the relative to the case of, = Aj. This means that the secondary
SU starts transmission at the beginning of the time slot $&rvice rates, is a non-increasing function of the primary

given by arrival rate\,.

- 1 olr _1 3) Third Remark: From the expressions of the service

P;EE) 0= exp(—i)’ (29) rates of the queues, the service processes are functions of
P

VikOjk

channel outages probabilities. Based on the formulas of the
channel outage in Appendix A, the outage probability of
a certain link is a decreasing function &, = B/(TW).
Therefore, increasing the targeted primary spectral effy

while the probability of that link being not in outage wher th
SU starts transmission a7 is given by

—o 1 owr 1 rate, R, decreases all queues service rates. This leads to a
Pl — exp _ in i ; ;
pdp,01 P oo 10ad pu reduction in the maximum achievable secondary throughput,
1+ (2 WT — 1) —p>_°p Tpdp,00pd, : . ’
VikTjk 1s. This means that the secondary service rate,is a non-
The ratio of [29) to[(30) is given by increasing function of the primary targeted spectral efficy
. rate R, =B/(TW).
L s Os, . ™ . .
plo 1+ (2 WT — 1)M 14 The following proposition summarizes the main observa-
pdy,01 Ypdp,00pdp a i ; ;
== = o a_ - tions in the second and the third remarks.
pe) 1+ (2% 1) Dedp17sdp 1+ %7 - ]
pd;,,00 Ypdp,0Tpdy Proposition 1: For a given channel and system parameters,
We note that . 1 vedoo/(1 — 7/T) and a = let pk (N, Rp) be the maximum secondary throughput at the
P P

o . . air (\,, R,). The optimal secondary throughput satisfies the
owr —1)22e0%d f 45 1, the reduction of the primary ]LOO"O( v Bp) P y gnp

Vpdp,09pdp

. ) bability d p wing properties:

packet correct reception probability due to secondary ssce ) > -
delay (when the SU accesses the channel at 7) is * Migip’ng ;Migip ‘;AivaRp))' ikp ;Od
p~1—7/T. Therefore, if the secondary decides to access after® /s> 7t/ = Hs (Aps fp T 2y ) SRy = Hr

7 seconds of primary packet reception based on the primary

activity, the probability of the primary packet decodinguees IV. NUMERICAL RESULTS AND CONCLUSIONS

by a factorl — 7/T relative to the case when the SU accesses|n this section, we provide some numerical results for

the channel at the beginning of the slot. The reduction of tlge optimization problems presented in this paper. We define
primary packet correct reception is a linear functionrofif  here the conventional scheme, denotedShy where the SU
the decision timer, is high, the primary packet decoding willsenses the channel far seconds and if the primary data
be reduced significantly. queue and the secondary energy queue are simultaneously
Assume that the primary transmits with a very low poweempty and nonempty, respectively, the SU accesses theehann
This makes: much greater thai. Thus, we can approximatewith probability 1 using one of its queues probabilistically
the reduction, due to secondary access delay, of the pidpabif the relaying queue is nonempty. In addition, if the PU is
of the primary channel not being in outage py:1 — 7/T.  transmitting a packet to its destination, the SU accepth wit
At the same time, since the primary transmit power is lovsrobability one to relay and admit the transmitted packet if
the requiredr for perfect primary detection is high. Thisthe primary destination fails in decoding that packet. The
means that the reduction of the primary packet decodingeat #econdary throughput of the conventional system is obijous
primary destination due to concurrent transmissions isiig a subset of the proposed cooperative systStnand can be
icantly high. In this case, the secondary access probabilit obtained froms via setting = 1, =1, f = 1 andw=0. The
t = 0 is definitely higher than the access probabilityYat 7 other parameters are optimized over their domains to aehiev
when the PU is detected to be active and the SU decidestfi@ maximum secondary throughput.
accesses the channel. Moreover, it may be better for the SU tgrig.[4 represents the maximum secondary throughput of the

access the channel at= 0 to use the whole slot time in dataapproximated systems of Systeﬁ] The ﬁgures are gener-
transmission; and dt= 7 if the PU is declared to be inactive,ated using the following common parametefs;_, = 0.8,
P

if the PU is declared to be active, it may be better to resurge, = 0.3, Pog.o = 0.7, Poso = 0.8, .00 = 0.3,
receiving the primary packet because concurrent tran@niss——— ’ ' '

_ ) _p&  _g 5. _ s
would be harmful for the PU as explained earlier. Poay0 =0, Bog, 00 = deel;()l =0, dsa, = 0.7, dsa, = 0.7,
2) Second Remark: Assume that the current primary arrivalsdr-10 = 0-2, 04,10 = 0.2. The outer bound which represents
) Ithe case of backlogged energy queue is close to the inner

rate isA, = Aj. Increasing the primary arrival rate & + 4

Ax,» Ay, > 0, increases the probability of the primary queue Figs.[3 and ¥ represent the maximum secondary throughput

being nonempty. This is because the probability of having an e approximated systems of systesn The figures are
arrival at a certain time slot is increased. Consequerttly, t enerated using the following common parameiBst, 0 —
poY

number of empty time slots that the SU can detect or acc - = > P
alone decreases as well. In addition, the probability Gfyielg 3, Osdp.00 = 0:3, Faa 0 - 07, PPSP =08, 55‘15’00 =03,
queue selectior;, must be increased to maintain the stabilit)c = 60, Ppa,.0 = 0, Péifp,oo = Péifp,m =0, dsa, = 0.7,
of the relaying queue as the arrival rate of the relaying gusu SSdS = 0.7, dsqp,00 = 0.2, dsq,10 = 0.2. In Fig. 3,
increased due to the increasing)qf. These two observationsthe maximum secondary throughput under the approximated




systems is plotted versus,. This figure is plotted with
Ae = 0.9 energy packets per time slot. The figure shows th 0.7
the second approximated system provides throughput higl

than the first approximated system, hence the union, whi ~ 0-6f
represents an inner bound on the actual performance ofnsys

S, is the second approximated system. The outer bound, wh ‘—U’, 0%
represents the case of backlogged energy queue, is cldse t¢ & 0.4
inner bound. The gap between the two bounds shrinks.as %
increases. g 03
Fig.[4 reveals two important observations. First, the figu :m 0.2

reveals the impact of the arrival rate of the secondary gnet
gueue on the system’s inner bound. Precisely, as the ene 0.1r
arrival rate increases, the inner and the outer bounds becc
close to each other and they overlap for &}l when A, =1 OO 0_65 Oil 0_15 otz 0.55 03
energy packets/slot. Second, the figure reveals that ther in )\p [packets/slot]

bound of the proposed system can outperform the outer bound

of the conventional cooperation protocol with reliable ggye Fig. 3. The maximum secondary throughput of the approxichatgstems
source plugged to the SU. Note that sysi§mis plotted with for eachAy.

Xe = 1 energy packets per time slot (outer bound &).

We note that without cooperation the primary packets outage

probability is1—F,q,,0=1 which implies that the probability

of a primary packet being served in a given arbitrary time sl : :
is zero. Hence, the primary queue is always backlogged & —e—5
will never be empty. On the other hand, with cooperation tt —Ss
maximum feasible primary arrival rate (53 packets per time E = = =S (outer bound) |
slot. 2
We note that for Figsl]3 and 4, without cooperation th§ 2;;:;??11(1 of
primary packets outage probability is— F,q, 0 = 1 which g
implies that the probability of a primary packet being serve &
at an arbitrary time slot is zero. Hence, the primary queue = 02
always backlogged and will never be emptied. On the oth o1
hand, with cooperation the maximum feasible primary atriv. ' T\{/\ =0.1
rate is0.3 packets per time slot.

The impact of MPR capability is shown in F[g. 5. The figure 01 A [paickets/slot] 03 03
reveals the gains of the MPR capability on achieving high..
throthpm for both users. The parameters are chosen to I—be 4. The maximum secondary throughput of the conventiooaperative
Ae = 0.8, Pbd 0 = = 0.8, Psd 0 = = 0.7, Pps 0o =203, dep,o protocol and the second and third approximated systemsafdr g, and for

0.6, 5Sdp = 0.5, 5Sds = 0.5, and dpa,,00 = dsd.,00 = Osd,,00 = different values of\e.
dsd,,10 = 0sd,,10 = X, which represents the MPR strength. At

strong MPR, we can achieve orthogonal channels for terminal

over most\, range. The plot also shows that the inner an

the outer bounds coincide for hig),. This happens because 07
the energy queue is backlogged under the used parametetr 0.6

From the figures, it is noted that cooperation boosts bc
primary and secondary throughput. Furthermore, the enel 5 95f
arrival rate increases the probabilities of the secondackets & oal
and the relayed primary packets being served which, in tur @
boost both primary and secondary throughput. The figur & o3t}
also show that the increasing af, decreases the maximum &m
achievable secondary throughput. = 02r et SN

0.1t Collisiz)ll wireless —>
V. CONCLUSION channel model
0 ; ; : : i :
In this paper, we have proposed a new cooperative cognit ¢ o0t o0z 03 04 05 06 07 08

. ; A _[packets/slot]
relaying protocol, where the SU relays some of the undedder P

primary paCketS_‘ We h_ave ConSId_ered a generallzed_ MPR Chﬁ 5. The maximum secondary throughput for eaghand for different
nel model, and investigated the impact of the receivers’ MRRjues of MPR capability.
capability on the users throughput. We also have investihat
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the impact of the secondary energy queue on the syst&ased on[(34), we note that
performance. We have provided two inner bounds and an

outer bound on the secondary throughput, and showed that Pf;l’,)m §§Z)zn (35)
the bounds are coincide when the secondary energy queue is p) 5(_2)_
always backlogged. The proposed protocol is designed such ghyim IR

that the SU exploits the MPR capability and manages ikllowing are some important notes. First, note that if the
energy packets to maximize its throughput under stability &U’s queue is nonempty, the PU transmits its packet from the
the primary and the relaying queues. beginning of the time slot (at = 0) with a fixed transmit
A possible extension of this work can be directed to sp&pwer P, and data transm|SS|on tim#, = 7' Accordingly,
the case of having an SU equipped with multiple antenntd superscripti’ in T ) which represents the instant that a
and with the availability of CSI at the transmitting antesnaransmitting node starts its data transmission in is remawe
to achieve the maximum rates for the queues. case of PU. In addition, the superscrigt)’ is removed as
we have only one PU and one SU.
Second, for the SU, the formula of probability of comple-

APPENDIX A ment outage of links — & when the PU is active is given
by
We derive here a generic expression for the outage proba- 5
bility at the receiver of transmitter (hodek) when there is a exp ( _ o "W (- %) 71)
concurrent transmission from the transmitterAssume that pP) - Yok, tTak (36)
nodej starts transmission at and node starts transmlssmn o 14 (2W _ 1) Ypk,0Tpk
atnr. Outage occurs when the spectral efﬂuerfﬁé;) = T( 5 Yok, iTsk

exceeds the channel capacity wheren = 0 because the PU always transmitstat 0 and
Yk = e/(T(1 —i7/T)) = ~Ysk,0/(1 — z‘r/T).The denom-
Py

- (@) Vik,iGik , . _ —E
ikin Pr{Rj > log, (1 + m)} (1) inator of [38) is proportional tc(2T (=7) _ 1)(1 —i%),
which in turn monotonically decreasing withr. Using the

wherePr{.1} denotes the probability of the evert, vk = it gerivative with respect tar, the numerator of[(36),

Plg.i)/j\/k, P§i) is the used transmit power by nogdewhen it

- TW(1— i
starts transmission at=ir, %kn_IP’(" [ N5, andPy " is the Pps = exp (— 2770;1) can be easily shown to
used transmit power by nodewhen it starts transmission atbe decreasing withir 8s i [7], [@]. Since the numerator of
t=n7. The outage probability can be written as (38) is monotonically decreasing with and the denominator
P —Pr{ VikiCik o gRY 1} 32) is monotonically increasing withi, P p)o is monotonically
s YoknGok + 1 decreasing withir. Therefore, the delay in the secondary

Since ¢;x and ¢, are independent and exponentially disaccess causes reduction in the probabilities of the secpnda
tributed (Rayleigh fading channel gains) with means and packets correct reception and the primary relayed packets
ok, respectively, we can use the probability density functiorgorrect reception at their destinations.

i i . pW .
of these two random variables to obtain the outage as Now, we compute the ratle;k,m' Using [33), we have
jk,0

(v) 1 R g
PY —1- - exp (- =———) (39)
IR, 1+ (2Rj _ 1) "quk,ndvk Yik,iOjk i
jk,iOjk : v
Piro 85, Pyro
We note that from the outage probability 133), the numerator
(v)

is increasing function ofRJ and the denominator is aafier some mathematical manipulations, the rafidls is
decreasing function oTRJ Hence, the outage probabilitygiven py e

55— (v)
5(1}) ]k 1 ij,ln (37)

Pj(};)m increases WIthR(Z) The probability of correct packet —o
recept|0np(v) =1- Pj(k,i is thus given by ]#1 _542)1715](? (38)
7k,0
7?Z?in — Ikt 6Jk ) Pr. (34) Note that throughout the paper, the superscrip}’ can be
' 1+ (QTW(F%) _ 1) Yok ok eliminated from symbols smce we only have two nodes one
kTR PU and one SU. That |s§ka = Ojk,in, §§Z) = 0;, and
(4) [
where Pj.; =exp  — % is the probability of correct Pg(k)zn = Pjp,in.
packet reception when nodetransmits alone (without inter-
ference) and§§}2m < 1 is the reduction in the probability APPENDIXB

of correct packet receptio’;;; due to the presence of When the arrival and departure of the secondary energy
interference from node. As is obvious, the probability of queue become decoupled from all other queues in the network
correct packet reception is lowered in the case of intenfege as in the approximated systems, we can construct and sslve it



(8]

A, A A A
KUBR U

/Ie /’l /’i’e ll'l /Ie ,Ll ﬂ’e lLl
) v, v, O
[10]
Fig. 6. The Markov chain model for the secondary energy quelen its
service rate is independent of the other queues and has a seedce rate
0< <. [11]

Markov chain. The Markov chain is shown in Hig. 6, where thg2]
mean arrival rate i9. and the mean service rate;is Solving
the state balance equations of the Markov chain modeling tﬁg]
secondary energy queue, it is straightforward to show tieat t
probability that the energy queue hhs ¥ < co packetsyy, 114
is
v
- 9
Voi EM = I/ont, 0
A\ Aept Iz

vy =1,2,...,00 (39)

[15]
wheren =
unity, Zﬁ 0 V19 = 1. The probability of the secondary energy
gueue being empty is obtained via solving the followingdine [17]
equation:

- =1 18
I/o-i-ZVﬂ:VO-i-VOZ:T]ﬂ:l. (40) cel
=1 o= P
After some mathematical manipulations, is given by
Vo=1— ﬁ, (42)
1%

with Ao < pu. If Ao > pu, the energy queue saturates, i.e.,
becomes always backlogged. Thus,= 0, which boosts the
secondary rate. The probability of the primary energy queue
being empty isl — Ao/ u.

If © =1, n =0 and the probability that the energy queue
having more than one packet is zero. The states probasilitie
in such case are given by

vp=1=DXe, V1 =X, vy =0, 9=2,...,00 (42)
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