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Abstract—Cognitive radio technology enables the coexistence the coexistence of Primary (licensed) and Secondary (unli-
of Primary (PUs) and Secondary Users (SUs) in the same censed) Users (PUs and SUs, respectively) on the same radio
spectrum. In this work, it is assumed that the PU implements 1,54 Tq this end, cognitive radios are capable of sensiag th
a retransmission-based error control technique (ARQ). Ths . . L .
creates an inherent redundancy in the interference createdy radio _env'ronme.m’ collecting 'nf_ormat'on about the prese
primary transmissions to the SU. We investigate Secondary Of active transmitters and pOtentIally a|SO further detaﬂ)out
transmission policies that take advantage of this redundagy. such transmissions such as the codebooks or even the specific
The basic idea is that, if a Secondary Receiver (SR) learns ¢h messages. This information is used by the cognitive radios t
Primary Message (PM) in a given primary retransmission, thé 56 decisions and adapt their operation so as to optiméze th
it can use this knowledge to cancel the primary interferencen e P
the subsequent slots in case of primary retransmissions, ts network utilization, while I|_m|t|ng mterference to the BU4]. N
achieving a |arger Secondary throughput. This gives rise to There haS been extensive l‘eseal’Ch N the area Of COgnItlve
interesting trade-offs in the design of the secondary polic Infact, radio in the past few years, following different lines of triy.
on the one hand, a secondary transmission potentially inceses Among the most popular approaches, in the information theor
the secondary throughput but, on the other, causes interfance community, cognitive network models have been studied by

to the reception of the PM at the Primary Receiver (PR) and . ie-aided SU that h | to th
SR. Such interference may induce retransmissions of the sam assuming a genie-aiae at has non-causal access 1o the

PM, which plays to the advantage of the secondary user, while Whole or part of the active Primary Message (PM) [5]-[7].
at the same time making decoding of the PM more difficult While this assumption allows for analysis of information-
also at the SR and reducing the available margin on the given theoretic optimal stragies, it is not able to capture ailtic

interference constraint at the PR. It is proved that the optmal = 55pacts of a cognitive network, such as imperfect sensing.
SeCOndary Strategy prlOrltlZeS transmissions in the stat where

the PM is known to the SR, due to the ability of the latter to Anothe_r Iine of i”q“"Y is resource management Wher.e spnecifi
perform interference mitigation and obtain a larger secondary ~transmission strategies are considered and optimized usin
throughput. Moreover, when the primary constraint is sufficiently ~ various tools from stochastic optimization or machinenéaag,

loose, the Secondary Transmitter should also trasmit whenhie  see, e.g., [8] and references therein. This approach allows
PM is unknown to the SR. The structure of the optimal policy = {a1e into account non-idealities in the system and to cemsid

:2 ;%%ri/\?n %r;dnhhniet:iégijggsuliisl_)eneﬂt of the proposed techniqa network constraints, such as delay or other QoS guarantees.

Index Terms—Cognitive radio networks, dynamic resource [N this paper, we take the latter approach and consider
allocation, Markov decision processes, interference, ARQ the problem of optimizing the secondary transmission strat
egy in the presence of a primary system that employs a

[. INTRODUCTION retransmission-based error control technique (ARQ). THe S

Spectrum licensing has been traditionally used to prote¥ishes to maximize its own throughput while satisfying an
wireless systems against mutual interference. While effdpterference constraint on the primary reception. Primary
tive, this approach has also led to scarce utilization of tfigtransmissions give rise to redundancy in the interferenc
available spectrum resources [1]-[3]. Cognitive netwdrell 9enerated by the PU to the SU, in the form of copies of
the promise to improve the spectral efficiency of wireledf€ same primary packet transmitted over subsequent time-

networks with respect to conventional licensing, by allogvi Slots due to the use of ARQ. This can be exploited by the
SU, by decoding the PM at a given primary transmission
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in a one-retransmission scenario. In fact, on the one hamespectively), transmitting packets to their respectiestitha-

a secondary transmission potentially increases the sacpndions, PR and SR, through channels with instantaneous-gain
throughput but, on the other, it also causes interference a&ond~,, respectively. Transmission by a source interferes with
the reception of the PM at the Primary Receiver (PR) aritle other ongoing communication through the interferingrch
SR. Such interference may induce retransmissions of the samels with gairy,, and-~,,, respectively. The channel gains are
PM in following rounds, which plays to the advantage of thenodeled as quasi-static (i.e., time is divided into slotfafd
secondary user, while at the same time making decodingdafration, during which the channel gains remain constant) a
the PM more difficult also at the SR and reducing the availahiléd. (independent identically distributed) processes.

margin on the given interference constraint at the PR. We assume that no Channel State Information (CSI) is

We formulate the optimization problem as a Markov Deavailable at the PT/ST, so that the latter cannot adapt their
cision Process (MDP) following an approach similar to [10}ransmission parameters, such as rate and power, to thencurr
Reference [10] tackles a similar problem, in which, howgvethannel state. As a consequence, transmissions may suffer
the SR is not allowed to perform interference cancellatidnom outage when the selected rate is not supported by the
based on decoding of the PM. This aspect plays insteact@rent channel quality. We analyze in detail the operatibn
central role here. We prove that there are two operatiorRl) and SU and the corresponding outage performance at the
regimes of the SU, depending on the level of interferen@R/SR in the following two sub-sections.
that the SU is allowed to generate at the PU. Specifically, )
in the Low Interference Regime, where the SU is allowed fo- PU operation
produce interference only below a certain threshold, the SUIn order to improve reliability, the PU uses a retransmissio
transmits exclusively when its receiver knows the PM, arghsed error control technique, with a maximum number of
stays idle otherwise. In fact, when the PM is known to th&ansmissions equal t8' > 1 (i.e., the same packet can be
SR, the SU can achieve a larger secondary throughput by beiremsmitted at mosI' times, after which it is dropped). After
able to cancel interference from the PU in such cases. In teach transmission, the PR sends an acknowledgment back to
High Interference Regime, where the SU is allowed to produtiee PT, in order to inform it about the transmission outcome.
interference above the threshold, the SU transmits alshen We define theARQ statet € N(1,T) as the retransmission
states where its receiver does not know the PM, accordingitolex associated to the current packet transmitted by the PT
a specific structure that is explictly characterized. whereN(ng,n1) ={t € N,ng <t <ni} for ng <n; € N.

The rest of this paper is organized as follows. Section Il de-As a consequence of its activity, the ST generates interfer-
fines the system model under consideration, and the operatmce over the channel link,,, thus degrading the PU outage
of PU and SU. In Section Il we define the performance criterfgerformance. We denote kpyo(R,) andp,:1(R,) the outage
for the system under consideration, along with the optitiopa probabilities at the PR when the ST is silent and transmits,
problem. This is then reformulated in a MDP framework imespectively, as a function of the primary transmissiore rat
Section V. The main result, which characterizes the stmect R,,, measured in bits/s/Hz. Assuming that the PU is oblivious
of the optimal secondary transmission policy, and an iiveit to the SU activity, so that secondary transmissions aré¢eiiiea
explanation of the optimal policy are given in Section Vas noise at the PR, we have:

In Section VI we present an algorithm to determine the

optimal policy. In Section VII we present numerical restiftat poo(Ry) = P ( Ry > C (7 Fp) ) (1)
. . . . P
validate the effectiveness of the proposed technique.llfina poi(R,) =P (R,>C (1175;,135))

Section VIII concludes the paper.
where we have define@(xz) = log,(1 + =) as the capacity
Il. SYSTEM MODEL of the Gaussian channel with SNR at the receiver,P,

We consider the network depicted in Fig. 1, which repréind Ps are the primary and secondary transmission powers,

sents a Primary and a Secondary Transmitters (PT and '&#pectively, and the noise variance at the receiver isvassu
without loss of generality to be equal to one. Notice that in

general we have,(R,) > ppo(Rp).

Vs B. SU operation

Along with the PU, we consider a ST transmitting packets
N - to its respective destination SR. Unlike the PU (except & th
’ys\p\ 7 Tps limit caseT” = 1), it is assumed that the SU uses a “best
o< effort” approach, by which a packet is discarded in case of
~ - transmission failure. Moreover, we assume that the SU has
~ Tp > perfect knowledge of the PU parameters, such as length of
PT. - \‘ PR the ARQ transmission window" and codebook used. This
is coherent with the common characterization of the PU as a
Figure 1. System model legacy system, and of the SU as an opportunistic system. By




overhearing the feedback messages from the PR, the SU f#3i. Since the choice ofR,; does not affect the outage
thus track the primary ARQ statec N(1,7)!, and use this behavior at the PR (1) and the evolution of the ARQ process
knowledge to perform decisions based on the current state(iife PR treats secondary transmissions as noise), we can
the PU. In particular, primary transmissions generatefete assume without loss of generality that the transmissioe rat
ence to the SU, thus degrading its performance. However, didg is chosen in such a way as to maximiZg (R ). Notice

to the use of ARQ, they introduce redundancy in the radibat the same argument cannot be applied?tg, since the
channel, in the form of copies of the same packet transmittedoice of this parameter reflects a trade-off between hglpin
over subsequent time-slots. By decoding the PM, and by beitngg SR to decode the PM and maximizing the throughput
able to track the primary ARQ state, the SR can thus expldi, (R0, R,). These two objectives are conflicting, since the
this redundancy in the subsequent primary ARQ rounds poobability of decoding the PM at the SR is maximized by
achieve a larger secondary throughput via primary interfee choosingR, = 0, which however would giv& (0, R,,) = 0.
cancellation. We then assume that the SR tries to decollea consequence of the optimization oves, we then have

the PM, whenever the latter is unknown. In the followingthe following inequality.

¢ € {0,1} denotes theSR state variablewhere¢ = 1 if
the SR knows the PM, and = 0 otherwise. Depending on Ta(Rs1) = Tsa(Rso) = Tso(Rs0, Bp) (2)

whether the SR knows the PM or not, we can distinguisfhe first inequality is due to the fact th&t, is the rate which

between two different operational regimes of the ST, from thnaximizes the secondary throughpiit (R, ), the second to
perspective of transmission rate, outage behavior andiedcrthe fact thatp,; (Rs0) < pso(Rso, Ryp).

throughput. In the following, we define- = %. This represents
1) PM Unknown to the SRj(= 0): the efficiency of the ST in delivering information to the SR

If the SR does not know the PM, it attempts to decode it ighen the latter does not know the PM, compared to when it
the present time-slot. The ability of the SR to decode the PRhows it. From (2) we then have < 1.

depends on the link quality and also on the secondary agctivit
In fact, secondary transmissions represent interferem¢bet [Il. PERFORMANCECRITERIA AND PROBLEM
SR for the purpose of decoding the PM. Therefore, secondary FORMULATION

activity must strike an ideal trade-off between secondaryThe ST follows a generic past-dependent policywhose
data transmission and decoding of the PM at the SR, whigBtion set is denoted byt = {0,1}, where actiong) and 1

enables interference cancellation in the subsequent primgorrespond to the ST staying silent or transmitting, respec
ARQ rounds. We definevso(R,) = P[R, < C(Pyyps)] and tively.

as1(Rs0, ) as the probability of decoding the PM at the The following performance metrics will be used to formu-
SR in any time-slot, assuming the ST is silent and transmitgte our optimization problem. We define the long term averag

respectively, as a function @t, and R,. Notice that the above throughput achieved by the PU under poljgyas
implies that the SR does not exploit previous primary trans-

N—-1
missions of the same packet to decode the PM at the current L .. 1 "
time-slot, using techniques such as maximum ratio comginin Tolw) = Ngriloo inf NE Zo 1(W5 () By 3)

[11]. Notice that in general we have(R,) > a1 (Rs0, Rp). _ o _ _
We now analyze the throughput achievable in the SR stf@erel(-) is the indicator function, and’; () is the event
¢ = 0. We assume that secondary transmissions are perfornt@ff€sponding to a primary packet successfully deliveoetst
with power P, and rateR,, (measured in bits/s/Hz). When thedestination in t|me-sloh.. Similarly, we define the Ipng term
ST transmits, the accrued average throughput is denoted@Yrage throughput achieved by the ST under polieyl/ as
TSO(RSO7 Rp) = RSO (1 - pSO(RSOa Rp))a WherepsO(RsOa Rp) 1 N-1
is the outage probability as a function of the primary and  7.(u) = lim inf =E > 1(UE(1)) Reg,
secondary rate®, and R, respectively’. N=fee

2) PM Known by the SRj(= 1): where (1) and ¢, are the event corresponding to a sec-
If the SR knows the PM (learned during previous primaryndary packet successfully delivered to its destinatiad, tae
ARQ rounds), secondary transmissions are performed WHR state variable in time-slot, respectively. These metrics
power P and rateR,;. Due to the ability of the SR to com- represent the average number of bits per second correctly
pletely cancel interference from the PU, the accrued aeeraggjivered by the PT and ST to their respective destinations,
throughput is denoted by’ (Rs1) = R (1—ps1(Rs1)),  when the SU is using policy. Finally, we define the long
wherep,1(Rs1) = P (Rs1 > C(vs)) is the outage probability term average secondary transmission power under poliey

(4)

n=0

N-1

we assume for simplicity that feedback messages are noeculy .
transmission failure, so that both the PU and the SU are ableetfectly Ps(p) = NLHEOO sSup NE Z 1(Ys(n) Ps
track the ARQ state process.

2A closed form expression gfso(Rso, Rp), aso(Rp) andas1 (Rso, Rp) . . .
for Rayleigh Fading channels using joint decoding, as atfonof the average WhereTg(u) is the event CorreSpond'ng to the ST transmitting

SNR of the channel links can be found in [12] in time-slotn.

(®)

n=0



In this work, we investigate the scenario where the goeabrresponds to a fresh primary transmission, and therdfore
of the ST is to determine the optimal secondary transmissi@nnot possible for the SR to know the PM in advance).
policy maximizing its own average throughput, subject to a We can view{(0,,a,),n=0,...,+o0} as a Markov
constraint on the maximum throughput loss at the PU, and Becision Process [15], wher®,, € S is the network state
the maximum average secondary transmission power. This @gartime-slotn, anda,, € A is the action taken by the ST
be stated as: in time-slotn according to some policy. It can be shown

. th h that the solution of the problem (6) is a randomized statipna

K (7;’( P )) = argmax, Ts(p, 7) policy [16]. Thereforey : S — [0, 1] maps the network state
7 (6) © e S to the probability that the ST takes the actions in
P A. Specifically, letu,(t) be the probability that the ST takes

actionl € A under statgt, ¢) € S, i.e., pug(t) represents the
whereﬁ(th) € [Ry(1 = pp1), Rp(1— ppo)] andP{"™ € [0,P,] secondary transmission probability in stdtes), i.e., ARQ
represent the primary throughput and the secondary povéatet and SR state.

subject to{ Toln) =
P <

constraints, respectively. We defineld, and i; as the sets of all the randomized
The idea behind this problem is that the ST, as a co@tationary policieg, and ., i.e.
sequence of its actlylty, which is govgrned by pohpy Uy = {uo:N1,T) [0,1]} °
induces a perturbation on the evolution of the primary U = CN(2.T 0.1 9)
1 {/Ll B ( ) )’_)[ ) ]}
ARQ process{t,,n=0,...,+c0} and of the SR state ) _ o
{¢n,n=0,...,+00}. The ST can thus control to its ownThe set of all the randomized stationary secondary policies

advantage the evolution of the ARQ and SR state proces#es (#0, /1) is then defined as( = Uy x U
by appropriately choosing policy so as to maximize its own Under the given class of stationary policigs the network
throughput, while limiting the interference to the PU and thStaté can be modeled as a Homogeneous Markov Process

average secondary power consumption. {©,,n=0,...,400} taking values in the state spacﬁé.
We use the following set of assumptions, which hold trudhere©n = (tn, ¢») € S corresponds to the PT performing
in most practical scenarios: t_he t,-th transmission of a packet, with the SR in statgin
time-slotn.

0 < ppo(Rp) < pp1(Rp) <1 Let 7, : S ~ [0, 1] be the steady state distribution of the
0 < as1(Rso, Bp) < aso(Rp) <1 (7) System under stationary poligy € U. We now restate the
T<l1 long term average primary and secondary throughputs, and
=2 the average secondary transmission power under palicy

The cases = 1 or T = 1 are trivial. In fact, whenr = 1 introduced in Section Ill, taking into account the statidtya
the SR does not experience a throughput loss when the BRFUMPtiON of.. It is easy to prove, by averaging the instan-
is unknown, therefore any policy achieving the constrainf@N€ous expected cost/reward in each state over the event of
with equality is optimal, and in particular the optimal myli & secor_@ary transmission, .and welghtlng it by its steady sta
described in this work. The case = 1 corresponds to the Probability, that these metrics are given by
L i o ARQ: e U it ih & X aMSISSOR 7.0~ 1y it 0)l) i L. 10
T T

policy described in this work). As for the other parameters, Pa(p) =P ( 2pmy m(t 0)pio (1) + 2oy (8, 1pia (1)
the general case where the inequalities are not strictewhi| 75(1) =Ry >, mu(t,0) [L — (1—po(t)) ppo — 110(t)pp1]
complicating the proofs, does not provide any addition +R, Zthg mu(t, 1) [1— (1—pa(t) ppo — p11(t) ppi |
insight to our analysis, and is thus omitted. We refer the 0
interested reader to [14] for further details.

In the following, for the sake of notational convenience, we T T
omit the dependence of the parameters defined above on the’V (1, V) = vyt 0)po(t) + Y mult, () (10)
primary and secondary transmission rates. t=1 t=2

Now, we define a functio®V(p, v),u € U,v € [0,1] as

Notice that, sincev € [0,1], >

, . (t, = 1 and
IV. STOCHASTIC MODELING OF THENETWORK 1o (t) € [0,1], thenW(p,v) € [0, 1]t_’¢)€5 ”( ¢)

It is then easy to prove
Let the following:

So = {(t,0),t € N(1,T)} (8) Ts(1) =TsaW(p, 7)
S1={(t,1),t e N2, T)} Ps(p) =P W (1, 1) (11)

be the set of network states where the SR does not and doss’»(#) = Bp[1 = (1=W (1, 1)) ppo = W (1. 1) pp1]

know the PM, respectively. The network is in stétgp) € S, To avoid confusion, since we express the primary and sec-
when the PU is in ARQ stateand the SR is in state. The ondary throughputs and the secondary power as a function of
state space of the network is then given®y Sy |J S:1. (The W(u,v), for a specific value oi € [0,1], in the following
reason why statét, ¢) = (1,1) ¢ S is that ARQ state =1 we refer toW(u, 7) as thesecondary throughpunormalized



to Ts1), and to W(u,1) as thesecondary access ratdn
fact, W(u, 1) represents the long term average number of
secondary transmissions per time-slot. When convenieat, w
will also make explicit the dependence ®¥(u,v) on the 0
secondary policyy = (uo,p1),m0 € Uo,pu1 € U, by
rewriting W(u, v) = W (o, pi1, v).

The equivalence (11) is due to the fact that, for any sec-
ondary transmission, the ST transmits with pourwhereas

the PU experiences a throughput loss equak - . . . . L
due to anp increase of thegoﬁtage pro(qbabiﬁ?;pl'l'hé)p;\)/er e and uo(f) as a generic randomized stationary policy in

throughputs and secondary power are then obtained byag(?- and the corresponding transmission probability in state
eraging over the secondary access rate. ?t,o), respectively. As an example, the structure of policy

) wo(n,n,.) is depicted in Fig. 2 fofl' = 7. The parameters
As a consequence of (11) we have: n; and n, correspond to the areas covered by the leftmost

Lemma 1. The optimization problem (6) can be equivalenthand rightmost grey regions, respectively. The transmissio
restated as probability in each ARQ state then corresponds to the area
covered by the grey region in each bin, relative to the total
bin area. The integer part of; (respectivelyn,.) represents

Ry(1 = ppo) — T (th) p(th) the total number of states in which the ST always transmits,
s.t.W(u,l)Smin{ L r P =2 }Ee concentrated in the initial (final) primary ARQ states whidie

Ry (pp1 = ppo) Py SR does not know the PM, whereas the residual part|n; |

Remark 1. The above Lemma states that maximizing thé- — [n.]) represents the transmission probability in the
secondary throughput with a constraint on the maximuARQ state immediately succeeding (preceding) the sequence
secondary power and primary throughput loss is equivaledit states in which the ST always transmits. For example, in
to maximizing the secondary throughput, with a constramt d-ig. 2, wheren; = 2 andn, = 2.5, the ST always transmits
the maximum secondary access rate. in the two initial and final ARQ states when its receiver does

Remark2. Notice that, Sinc%(th) € [Rp(L — pp1), Ry(1 — not know the PM, transmits with probability5 in ARQ state

pp0)] and Pl ¢ [0, P,], thene € [0,1]. This also agrees t =5 and never transmits in ARQ state= 3.

with the fact that the secondary access matéu, 1) € [0, 1]. th(\e/\ﬁ)li)rv?/i:gvgurt?i?{:t?gnﬁate the main result of this work in

to(ng, ny

Figure 2. Structure of policyio(n;,ny), T =7, n; =2, n, =2.5

1<) =argmax W(u, 7) (12)
pneu

V. ANALYSIS AND NETWORK OPTIMIZATION . .
. . . . A. Optimal Policy
In this Section we overview the structure of the optimal

policy 1 = (i@ 1) e u, as a function of the
constraint on the secondary access eae[0, 1].
We define0,, € U, and1, € U, as the secondary policies

in state¢ with the following structure
{ 04(t) = 0 VteN(1,T)

According to the optimal policy, we distinguish two op-
erational regimes of the PU/SU network, depending on the
level of interference the SU is allowed to generate to the
PU. Specifically, ife > W(0o,11,1), i.e., the PU allows a
secondary access rate above a threshold givewtiy, 1;,1),
then secondary transmissions occur in both the states where
1y (t) 1 VteN(1,T) the SR does not and does know the PM, according to a

: Co specific structure. We call this mode of operation thigh
Therefore, if the SU uses polidy, (1) in state¢ € {0, 1}, Interference Regim¢HIR), since in this case the secondary

then_ It a_llways S'Fays. silent (it always transmits) when Itasccess constraint allows the SU to generate a relativedy lar
receiver is operating in statg

Moreover, we defingio(n;,n,) € Uy as a policy, parame- amount of interference to the PU.
terized by( ’ )€ {(Guo ) lé [6 T2 N + ET}y’V\f;th the Otherwise ¢ < W(0y, 11, 1)), secondary transmissions are
o Dy, i Y ’ Ty =S executed only in the states where the SR knows the PM.
following structure.

We call this mode of operation tHeow Interference Regime

(13)

1 t < |n] (LIR), since in this case the secondary access constraint is

n—|n) t=|n+1 such that the SU can only generate a relatively small amount
wo(ny,ne,t) =¢ 1 t>T—|n,] (14) of interference to the PU. This is formalized in the follogin

ne.—|n.] t=T—|n.| Proposition.

0 otherwise

Proposition 1. In the LIR the optimal policy is given by
where |z] denotes the floor operator (largest integer less -
than or equal toz). With a slight abuse of notation, in ) = (OO,MT(E)) (15)
the following we refer toug(n;, n,-) and po(ny, n,.,t) as the
policy with the structure defined above and the correspandiwhere ;) € U, is an arbitrary policy satisfying the con-
transmission probability in staté, 0), respectively, and to straint with equality, i.e.W(Oo,ui‘(E),l) =€



n
g
0 1 2 3 4‘1 5 6 7
n
uy (€)
0
t 2 3 4 5 6 7
Figure 3. Structure of optimal policy*(¢) in the LIR Figure 4. Structure of optimal policy*(¢) in the HIR
In the HIR the optimal policy is given by SR, since the latter can cancel interference generatededy th
- PU, thus accrueing a better decoding performance and a large
15 = (o (1 () .1 (), 1) (16) I 9P g

secondary throughput.
where (ni(¢),nr(¢)) € {(z,y) €0, T]*:z+y<T} are As long ase < W (0o,11,1) (LIR), it is sufficient to
derived using Algorithm VI-A in Section VI. Moreover, thé¢ransmit in the states where the SR knows the PM to achieve
optimal policy is randomized in at most one state, i.e., asle the constraint on the secondary access rate, and therbéore t
one ofn,(¢) and n,.(¢) must be an integer. optimal policy isp*(¢) = (09, u1(€)11). l.e., the ST stays silent
when its receiver does not know the PM; () = n,(e) = 0),
Remark3. Notice that in theLIR, since the optimal pol- and transmits with a fixed transmission probability(c)

icy 119 e 1, is any solution ofW ((_)o,u’{(e),1> = ¢ otherwise.

we may exploit this degree of freedom and choqqfée) As e gets larger, and the system enterskhR, transmitting

the primary failure probability. In the following, we chams the constraint on the secondary access rate loosely. Teref
#»{(e) = u; (€)1, whereu; () € [0,1] is the unique solution under this policy the PU can accept further interferencenfro
of W (0o, u1(€)11,1) = ¢, i.e., the7 ST transmits with a fixed the SU, i.e., there are additional opportunities left fa BT

transmission probability; (¢) in all states where its receivert® transmit with respect to the previous case, by increasing
knows the PM. its access rate and its interference to the primary, so as to

improve the secondary throughput. It might then be benéficia
for the ST to transmit also in the states where its receivesdo
not know the PM, other than in the states where it knows
Remark4. In the LIR, the ST transmits with a fixed trans-jt. Specifically, the ST concentrates transmissions in ¢hos
mission probability only when the PM is known to the SR. IRtates in the initial and in the final primary ARQ states by
this case, the optimal policy is described by a single pateme an amountn;(¢) andn,(¢), respectively (Fig. 4). The reason
namely the transmission probability (e). behind this result is quite subtle, and can be explained by
In theHIR, the ST always transmits when the PM is knowgbserving that secondary transmissions in the initial ARQ
to the SR. Otherwise, it concentrates transmissions in tggtes induce primary retransmissions, thus augmentiag th
initial and final primary ARQ states. In this case, the optimateady state probability associated to the states chamscte
policy is described by two parameters, namelte) andn,.(¢). by a larger ARQ index and where the SR knows the PM
The overall policy is then described by three parametefs, = 1). Therefore, by concentrating transmissions in the
namely ui (), ni(e) andn,(e). In particular, in theLIR we initial ARQ states, in the long term the network spends more
haven;(e) = 0 andn,(¢) = 0 (i.e., no transmissions in thetime in the states where the SR knows the PM, and can
states where the PM is unknown to the SR); in Hi®, we thus perform interference cancellation, thus getting gear
haveu;(e) = 1 (i.e., the ST always transmits when the SRong term throughput reward. In other words, by concentrat-
knows the PM). ing transmissions in the initial ARQ states, the SU induces
redundancy in the ARQ process, which can be exploited once
the SR knows the PM to enhance the secondary throughput.
An intuitive explanation of the optimal policy as a functiorin the final ARQ states, it might not be beneficial for the ST
of the constraint on the secondary accessqatd0, 1] is given to stay silent. In fact, the SU has only few opportunities tef
as follows. Where = 0, the ST never transmits, and thereforexploit the redundancy in the ARQ process before the deadlin
the optimal policy is(0o,01). As € gets larger, the ST canT is reached, i.e., there are too few opportunities to exfeit
augment its access rate, by allocating secondary transmsss knowledge of the PM in the subsequent ARQ rounds, to justify
in the states according to a specific structure. Namely,st fithe SU to stay idle, so as to help the SR to decode the PM.
fills transmissions in the states where the PM is known to tAderefore, the SU is incentivized to transmit, thus maxingz

The structure of the optimal policy in tHdR andHIR is
depicted in Figs. 3 and 4, respectively.

B. Discussion of the structure of the optimal policy



its instantaneous throughput reward, although this insphie  A. Algorithm

ability of the SR to decode the PM. o Initialization: nl(0> 0,0 =0,i=-1

o Main:
VI. ALGORITHM TO DETERMINEn;(€) AND n,.(¢) INHIR 1) §:=4+1
. 2) casen(n{”,n\") > 0Un.(n{",n{) >0
In Prop. 1 we have stated that in tlfldR the ST concentrates a) Casen (™, n®) > n,(n, n)
transmissions in the states where its receiver knows the PM Lo A

i+1 A i+1 A
in the initial and final ARQ states, by an amount¢) and o Setn; ™ =n” + 1 andnf" = nf’
n,(¢), respectively, providing an intuitive explanation of this iy If W plt 1) > ¢
result in Section V-B. These two parameters reflect a trade- - Setn,(e) = ngi)’nl(e) c nl(i)7nl(i+1) as the

off between concentrating transmissions in the initiairaiy i )
ARQ states, with the objective of inducing redundancy in the unique solution ofV(ny(e), n(¢), 1) = €
ARQ process, which can be exploited in the following ARQ - Return (ni(e), nr(€))

rounds to mitigate interference and improve the secondary i) If W(nl(”l),ngzﬂ),l) <e

throughput, and concentrating them in the final ARQ states, - Repeat from Step 1)

in order to egploit the feV\{ ayailable primary retransm.issio b) CasenT(nl(i)mﬁf)) > m(nl(i)’ nﬁi))

before the primary transmission cycle ends. However, irord

(i+1) _ (9 (i+1) _ (i)
to determine the optimal policy, we need to optimize thisiéra * Setn ) nl(_j)ndm =nr +1
off, by determining the value of the optimal parameterg) i) I W i 1) > e
andn,(e¢) as a function of the constraint on the secondary - Setn(e) = nl(i),nr(E) c (n@,nﬁ”l)} as the
access rate € [0, 1].

. , . _ ) _ unique solution oV (n;(e€), nr(€),1) = €
To this end, we now define an iterative Algorithm which - Return (ny(e), nr(€))

generates a sequence of policies correspondipg t_o inogpasi iy If W(n(iﬂ) D) 1) < e
values of the secondary access rate, by activating at each pooonr o

iteration the state which, when activated, gives the highes - Repeat fromStep 1)
increase of the secondary throughput per unit increaseeof &) CaSEm(nl(Z), nSZ)) < omm,(nl(“,n&”) <0
secondary access rate. This process continues until éiteer o ggt ni(e) = nl(i) andn,.(¢) = nSi)

secondary throughput starts decreasing, and therefareaidl e Return (ny(e), ny(c))

ing further transmissions is sub-optimal, or the constram S - S 7
a et the optimal policy: p*(¢) = . 1

the secondary access rate is violated, and therefore furthe P policy: p (o (ru(e), nr(€)) 1)

transmissions would excessively impair the PU. B. Comments and Explanation of the Algorithm

We first pr_esent the Algorit_hm in Se_ction Vl_'A’ followed by_ The Algorithm is initialized by allocating no transmissgon
an explanation of the steps involved in Section VI-B. To thi§, ihe states where the SR does not know the PM. ie.
end, we redefinéV(n;, n,, v) = Wipo(ni,n,), 1, v),v € 00 _ 0 _ o it then determines a sequence of policies,
[0,1] as a function of only the parameters, n, associated

) h - e labeled by the countef, giving increasing values of the
to the optimal policy. Moreover, we define th@nsmission gqcondary access rate, by allocating transmissions tereith
efficiencyn (u*, ¢, ¢) in state(t, ¢) € S under policyu* € U

the leftmost or the rightmost idle state, according to witiole

as maximizes the transmission efficiency, i.e., the state itiic
AW () activated, most improves the secondary throughput per unit
(0"t ) = dpg(t) 17) increase of the_sgcondary access rate, or alternativedy, _th
Y dW(p.1) state which maximizes the throughput reward to the SU, while

Ao ® ey minimizing the cost in terms of throughput loss of the PU.

which represents how fast the secondary throughput ineseas Specifically, in t(hi)eith |te(rgt|on,_ Q'Ve” the curr((eir)n v(zii)lues
the parameters,”’ andn,’ defining policyq(n,”,n:")

o f
er unit increase of the secondary access rate, due to a - 7 Y I
P y ?é%e (14) and Fig. 2), if the transmission efficiency at bbth t

menting the transmission probability in state ¢). In par- : . : )
ticular, we define the transmission efficiear(:fy )under policgftrno;t and rightmost idle states is negative (Case 3) the
1= (1o(ni,ny),11) calculated at the leftmost and rightmos ctivating any further state wom_JId_ determine a throughpss |
idle states as follows. for_both the SU an_d the PU (this is a consequence of T_heprem
2 in the Appendix and of the definition of transmission
n(w, |n] +1,0) (18) efficiency), thus resulting in a sub-optimal policy. The reunt
structure of the policy is then returned, since it maximites
secondary throughput.
These quantities represent how fast the secondary throtighp Otherwise (Case 2), activating either the leftmost or the
increases, per unit increase of the secondary access yaterightmost idle state determines an increase of the secgndar
activating respectively the leftmost or the rightmost iglate. throughput. In this case, the Algorithm allocates secondar

m(nu, nye) =
nr(nl’ nT) = 77(/% T— \_nTJ ) O)



transmissions to the state which maximizes the transnmissionity would make the signal power comparable with the noise
efficiency, i.e., the state which determines the steepest@ise power, thus making the effect of interference at each receiv
of the secondary throughput per unit increase of the secgndaf little significance.
access rate, as a consequence of activating that state.w¥e haWe compare the performance of four different secondary
two cases: if the transmission efficiency is larger in thenke$t  transmission policies, in terms of the achievable primarg a
(respectively the rightmost) than in the rightmost (lefsf)o secondary throughputs as a function of the secondary access
idle state, then it is more efficient to allocate transmissim rate constrainte € [0,1]. The first policy is the optimal one
the former than in the latter. The parameﬁé’? (n?)) is then described in this paper, and is denoted/b5¥¢). Its structure
increased by one unit for the next iteration. is derived using the algorithm described in Section VI-A.
Notice that, as a consequence of activating the most effi-Then, we consider two sub-optimal policies which do
cient state, both the secondary access rate and the segondat exploit the redundancy introduced by the ARQ process.
throughput increase. This might incur a violation of thén the first case the SR performs multi-user detection of
constraint on the secondary access rate (Cases 2(a)i ayd 2(primary and secondary messages to enhance secondary de-
In this case, the optimal state cannot be entirely activdtet! coding performance, but, if the PM is correctly decoded,
the transmission probability is reduced until the constran it does not exploit this knowledge in the following ARQ
the secondary access rate is attained with equality. A largeunds, if primary retransmissions occur. The achievable
transmission probability in that state would incur a vimat throughput in case of secondary transmission is given by
of the secondary access rate, whereas a smaller one WAIlg( R, R,) = Rs (1 — pso(Rs, Rp)) (See the system model
decrease the secondary throughput, thus resulting in a simb-Section 1l). This is maximized with respect tR, in
optimal policy. Otherwise (Cases 2(a)ii and 2(b)ii), aatimg order to optimize the performance. We thenTet\.yser =
the most efficient state does not violate the constraint en thaxg_ cr, Tso(Rs, R,) be the achievable optimized through-
secondary access rate, and therefore it might be possibleptn, andR, M-user be the optimal transmission rate for this
further improve the secondary throughput by allocating enoscenario.
secondary transmissions, thus increasing the secondeegsic In the second case, the SR decodes the secondary message
rate. In this last case, the Algorithm proceeds with a nely treating primary transmissions as noise. We denote the
iteration. achievable throughput in case of secondary transmission by
T, Noise Which is again maximized with respect to the

) ) i ] secondary transmission rate.
In this section, we discuss some numerical results demo”Finally, we also compare the optimal policy with aracle

strating the performance improvement achievable by ebeploboncy' which assumes perfect knowlege of the PM by the
ing the redundancy introduced by the primary ARQ process&k in advance. This agrees with some Information Theo-
achieve a larger secondary throughput via primary interfée retical models in the literature [5]-[7]. Under this policy
cancellation, over traditional techniques which do notetakne achievable throughput in case of secondary transmissio
advantage of this side-information. We recall that the&yst after maximizing it with respect to the transmission rate is
unde_r consideration is the one deplc_:ted in Fig. 1, wherera p@iven bY T Oracle = maxg, Ta (Rs), WhereTey (R ) was

of Primary and Secondary Transmitters (PT and ST, respesfined in the system model, Section II. For the three cases
tively) transmit to their respective receivers PR and SRr OVBhove, the optimal secondary transmission policy for argive
the links 5, and-,, thus mutually interfering over the links ¢onsiraint on the secondary access rate [0,1], consists

"ps @nd~ys,. Each channel link is modeled as i.i.d. Rayleigh, transmitting with a fixed transmission probabiliey thus
fading with powerl, = E |:|'7:¢|2:|| z € {s,p,sp,ps} (i.e.,x achieving a long term secondary throughpdt, ;, where

is the label associated to any of the active links), with zerioe {M-User,Noise,Oraclg is a label which refers to either
mean-unit variance circular Gaussian noise at each receibe sub-optimal policy with Multi-User detection, to thebsu
Therefore, letting without loss of generalit]y, = 1 and optimal policy which considers the PM as noise, and to the
P, = 1 be the primary and secondary transmission powe@racle policy.
respectively, the Signal to Noise Ratio (SNR) at the output

of each link has exponential distribution with me&p. In

VIlI. NUMERICAL RESULTS

particular, we assume that the SNRs assume a common value, SYSTEM pARAMETERg?,\k,J:?HI COMMONSNRT = 5
ie,I's =T, =I'y)s = I'y, = I'. In fact, this represents a SU (optimal policy) PU

worst case scenario, since interference from the PU to the SU aso 0.5748 Ry 1.9141

is neither strong enough to make correct decoding of the PM Qs ?g;i’i PpO g-gigg
likely, nor weak enough to be comparable with the noise |evel RZ? 1.9141 gf,l (oracle policy)
thus creating very little interference. On the other haimtes Tso 0.7427 | R_ Oracle 1.9141
the PR treats secondary transmissions as noise, this vélue o Ts1 11002 | T oracle 1.1002
the SNR is strong enough to severely impair the PU, in case RSU (PM aslng';g ZU (multiuser dftggi'zn)
of secondary transmission. Moreover, we choBse 5 as the ngl'ss: 0.4095 ngss: 0427

common value of the SNRs. In fact, using values too close to
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Figure 5. Primary vs secondary throughputs, length of pymARQ  Figure 6. Primary vs secondary throughputs for differemies of the length
transmission windowl™ = 5 of the primary ARQ window!" € {1,2,4,6,8}

In Table | we summarize the main parameters used in tAgCreasing, due to interference from the PU and to the inabil
numerical results, after optimization of the throughputigas (0 perform primary interference cancellation in those estat
described above. These are calculated using the resuilgederand therefore the optimal policy starts performing worsanth

in [12]. We refer to the system model, Section Il for detailfe oracle policy.
on their meaning. Fig. 6 depicts the primary/secondary throughput pairs

g&chievable using the optimal policy, fer € [0,1] and for
erent values of the length of the primary ARQ transnuossi
window T € {1,2,4,6,8}. It is worth noticing that for small
values ofT" the performance of the optimal policy approaches

sub-optimal policy treating primary transmissions as eoighehlowe.r bound where the SU gloesfnot explo:t.the regundglncy
performs the worst. In fact, according to this policy, thd the primary ARQ process and performs multi-user decoding

SR uses no side-information about the PU to enhance ‘i)[fs pri_maw and secondary messages (th.is is attained with
own performance. A better performance is achieved by tﬁ@ual'ty in the ca_séZ“ = _1)' The reason 1S that, for _SUCh
sub-optimal policy which performs multi-user decoding Oyalues ofT, there is very little redundancy introduced in the
primary and secondary messages. Finally, the optimal poligyStem due to the Iprlmaryr,]ARQ process (no rﬁdubndar;_c%when
described in this paper lies in between the sub-optimatpoli’ |: 1). AsT gets argfer, the SU can potentially benefit nrom
performing multi-user detection and the oracle policy whic® 'ONger sequence of primary retransmissions, 1.e., anarge

always assumes knowledge of the PM at the SR. In general, kﬂ\ée' of redundancy in the system due to the primary ARQ

performance improves as more side-information about the BpCess, thus resulting in improved performance. Howeler,

is exploited by the SR. Remarkably, although the assumptiBffformance improvement diminishes&gets larger. In fact,
-t,l;le states characterized by increasingly larger valuehef t

that the SR knows the PM in advance is not realistic, | .
the LIR the optimal policy developed in this paper, whic RQ statet are accessed less and less frequently, thus giving
does not assume any prior knowledge of the PM, attains tﬂesmaller and smaller contribution to the performance of the

performance of the oracle policy. The reason behind thisllres_SU' N(_)tice alsq that th_e switching point betwddR andHIR
achieved at increasing values of the secondary access rat

lies in the fact that, even if the SR does not know the PM i

advance, in theLIR secondary transmissions occur only iri‘or equivalently, decreasing values of the primary thrqugh

the states where the SR knows the PM, thus mimicking thy incrgasingT. This is a c.onseguence.of the fact that, for
scenario where the PM is known in advance by the SR. A¥reasing values df’, there is an increasing number of states
the system approaches the threshold betwd& and HIR, in which the SR knows the PM.

the optimal policy described in this paper allocates mom@ an

more transmissions in the states where the PM is known to
the SR, until transmissions always occur in those states (atCoexistence between secondary and primary systems is
the threshold, marked by a vertical dashed line). At thisipoi based on the premise that the activity of primary users

if the SU is allowed to create further interference to the PUWypically leaves some margin in the usage of radio resources
it should start transmitting even in the states where the Pfigr secondary users. For instance, this may take the form of
is unknown to the SR, thus entering thBR. However, by a cap on the maximum additional interference that secondary
transmitting in those states the transmission efficienaytst systems are allowed to create to the primary system. In this

Fig. 5 depicts the primary/secondary throughput pai
achievable using the four policies described above, as
function of e € [0,1]. The size of the ARQ transmission
window chosen isl' = 5. In agreement with intuition, the

VIIl. CONCLUDING REMARKS



paper, following [9], we have argued that the presence of the SR to exploit the knowledge of the PM in the subsequent
a primary user that performs retransmissions offers rakevgrimary ARQ rounds, so as to achieve a larger secondary
margins to the activity of secondary users. In particulahroughput via primary interference cancellation. Thisthe
secondary receivers may estimate the primary packet frdomg term, might degrade the overall secondary throughput.
a given (re)transmission of the primary packet and then use
this side information to perform interference cancellatam

the following retransmission. We have tackled the problenfit] FCC Spectrum Policy Task Force, “Report of the spectrfitiency
of maximizing the secondary throughput under primary in 2] .\;\.Iogénhga,gE%up%roi(ér(\:és-retgh.ssgg;hxovs.hi(:%zdiEE Communications
terference constraints and characterized in full the agtim = Magazine vol. 43, no. 2, pp. 10 —12, Feb. 2005.

transmission strategy of the secondary user. Specificatly, B — ""Sharing spectrum through spectrum policy refornd aognitive
have shown that, if the SU is allowed to produce interference rza(l)d(;& Proceedings of the IEEEVl. 97, no. 4, pp. 708 ~719, April
only below a certain threshold (Low Interference Regime)j] J. Mitola and G. Maguire, “Cognitive radio: making sofive radios
then the SU should transmit exclusively after its receivas h mlogeAPerSfigg'é‘EEE Personal Communicationsol. 6, no. 4, pp. 13
_deCOded _the primary message from preVious (re)transmissio [5] A. éoléjsgrﬁith, Sl. Jafar, I. Maric, and S. Srinivasa, “Brigy spectrum
instead, if the interference constraint allows the seconda ° gridlock with cognitive radios: An information theoreticespective.”
system to produce interference above the threshold, the Sy Proceedings of the IEEE/ol. 97, no. 5, pp. 894 —914, May 2009.
should transmit also in the states where its receiver does n ] I Maric, A. Goldsmith, G. Kramer, and S. Shamal, *On thapacity

. - ) A of interference channels with a partially-cognitive trauitser,” in IEEE
know the PM, according to a specific structure that is explict International Symposium on Information Theory, 1SITine 2007, pp.
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Notice that, although these results seem rather intuitive,
increasing the transmission probability in stdte¢), while
augmenting the expected cost/reward accrued in $tats),
also causes a perturbation of the steady-state distributio
the system, by affecting the outage behavior at the primary
and secondary systems. The two theorems then state that the
increase of the expected cost/reward outweighs the loss due
to the perturbation of the steady-state distribution iretliby
augmenting the transmission probability in stétep). Notice
also that from Theorem 2 the secondary throughput might
not be an increasing function @fy(¢). In fact, observe that
augmenting the transmission probability in state¢p = 0)
degrades the outage performance at the SR, and thus ity abili
to successfully decode the PM. This in turns affects thetgbil



