
IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 62, NO. 3, MARCH 2013 1367

Spectrum Leasing Via Cooperative
Interference Forwarding

Tariq Elkourdi, Member, IEEE, and Osvaldo Simeone, Member, IEEE

Abstract—A primary (licensed) link communicates in the presence of an
interferer. A secondary (unlicensed) link is also active in the same band
and can access the channel through a spectrum leasing (SL) mechanism,
whereby the primary system grants transmission opportunities to the
secondary link. This paper investigates the possibility that the secondary
link gains access to the channel, to transmit its own data, by cooperat-
ing with the primary link via interference mitigation. Specifically, SL is
enabled if the interfering signal is decoded by the secondary link and is
forwarded to the primary link to allow for interference mitigation. The SL
decision at the primary link hinges on whether the advantage accrued from
interference mitigation by allowing secondary transmissions overcome the
loss of spectral resources due to SL. This form of primary–secondary co-
operation contrasts with previously proposed approaches to SL, whereby
the secondary user gains credit by forwarding the primary packet, and not
the knowledge of interference to the primary receiver (PR). A SL scheme
is proposed that leverages the hybrid automatic repeat request (HARQ)
retransmission processes at primary and interfering links. Numerical re-
sults demonstrate conditions under which the proposed approach based on
interference forwarding outperforms more conventional techniques based
on primary packet relaying.

Index Terms—Cognitive radio, cooperative systems, hybrid automatic
repeat request (HARQ), interference forwarding, spectrum leasing (SL).

I. INTRODUCTION

Spectrum leasing (SL) via cooperation, which is proposed in [1]
(see also [2] and [3] for similar independent work), dictates the local
coexistence of primary (licensed) and secondary (unlicensed) users
through the following mechanism. Secondary users gain credit to
access the channel by cooperating with the primary users, and primary
users lease spectrum to the secondary nodes under two conditions:
1) That the advantage on the primary performance accrued from
secondary cooperation overcomes the loss of spectral resources for the
primary system due to SL; and 2) that secondary nodes are leased with
enough spectrum to satisfy their quality-of-service (QoS) constraints
(which are made known to the primary system to enable SL decisions).
For an introduction to more general approaches to SL, we refer to [5].

Previous work [1], [2] has investigated the principle of SL via
cooperation by assuming that secondary-to-primary cooperation takes
place, conventionally, by having the secondary users relay packets for
the primary nodes. We refer to this conventional approach as coopera-
tive transmission (CT), and we refer to [4] for a survey of cooperation.
Recent research has demonstrated that, from an information-theoretic
standpoint, in interference-limited scenarios, conventional CT can be
outperformed by a different form of cooperation, which we refer to
as cooperative interference management (CIM) [6], [7]. In CIM, the
cooperating node forwards information about the interference and not
about the useful signal. The rationale of this approach is that boosting
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Fig. 1. System model. A primary link, between a PT and a PR, coexists with
a secondary link between an ST and an SR. An interfering link between an IT
and an IR is also present, which affects both the PR and the SR. We can think
of the PR as a picocell base station and the SR as a neighboring femtocell base
station with the IT being the base station of the macrocell that encompasses the
femtocell and the picocell.

the reception of the interference at the receiver can allow the latter to
decode the interfering signal jointly with the useful signal, and thus
enhance performance via interference mitigation. We emphasize that
previous work on CIM [6], [7] focused on relay networks with no SL
(NSL), along with static and known channels.

In this paper, we propose to use CIM to enable SL via cooperation.
In other words, unlike previous work [1], [2], the secondary user gains
credit to access the channel by forwarding interference (rather than
the primary signal) to the primary receiver. Moreover, unlike in [6]
and [7], CIM is implemented as a means to enable SL and integrated
with hybrid automatic repeat request (HARQ) processes at the pri-
mary and interfering links to cope with fading channels unknown to
the transmitters. The rest of this paper is organized as follows. In
Section II, we describe the system model, whereas Section III presents
the proposed SL strategy based on CIM, along with reference tech-
niques. In Section III, we also explain the transmission strategies. Per-
formance analysis is discussed in Section IV. Finally, numerical results
and final remarks are provided in Sections V and VI, respectively.

II. SYSTEM MODEL

We consider the system in Fig. 1, in which a primary link, between
a primary transmitter (PT) and a primary receiver (PR), coexists with a
secondary link between a secondary transmitter (ST) and a secondary
receiver (SR). An interfering link between an interfering transmitter
(IT) and an interfering receiver (IR) is also present, which affects
both the PR and the SR. We can think of the PR as a picocell base
station and the SR as a neighboring femtocell base station, with
the IT being the base station of the macrocell that encompasses the
femtocell and the picocell [8]. In this uplink setting, the PT is a picocell
user, the ST is a femtocell user, and the IR is a macrocell user. The
reason for considering the IT to be a macro base station is that the
proposed strategy based on CIM becomes particularly relevant, as we
will see when the disturbance caused by the interference sets the main
bottleneck in the performance of the PT–PR link.

The wireless channel between a pair η of nodes is characterized by
a small-scale fading coefficient hη and by a path loss d−γ

η , where dη
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Fig. 2. ST gains access to the spectrum either by cooperating with the primary for transmission of the primary packet (SL-CT) or by forwarding interference
information (SL-CIM). (a) Primary transmission. (b) Cooperation slot. (c) Leased slot.

is the distance between the two nodes and γ is the path-loss exponent.
The power gain for link η is thus gη = |hη|2d−γ

η . For instance, the
power gain, the fading coefficient, and the distance for the PT–SR
link are gPS, hPS, and dPS, respectively. We refer to Fig. 1 for an
illustration of all channel gains. Time is slotted. A block Rayleigh
fading model is assumed, in which all fading channels stay constant
during each transmission slot but change independently from slot to
slot. No channel state information (CSI) is assumed at the transmitters,
but full CSI is available at the receivers. A primary packet carries
RP bits/s/Hz, which is referred to as primary rate, whereas the
secondary rate is RS , and the interferer rate is RI . We assume that
the codebook used by the interferer is known at PR and SR when
implementing SL-CIM.1

III. TRANSMISSION STRATEGIES

Both links PT–PR and IT–IR employ type-I HARQ with a maxi-
mum number of attempts (original and retransmissions) of K ≥ 2 and
KI ≥ 2, respectively. Recall that, with type-I HARQ, the transmitter
retransmits a copy of the same packet at every new attempt, and the
receiver discards previously received packets and decodes based only
on the last received signal. If the packet is unsuccessfully decoded at
the last attempt, i.e., the Kth attempt for the primary link and the KI th
attempt for the interfering link, the packet is dropped, and a new packet
is transmitted in the next slot. Type-I HARQ is selected for simplicity
of analysis, but the proposed principle can be applied also to more
complex forms of HARQ.

We describe the process by following the transmission of a primary
packet and by denoting the first transmission slot of a primary packet
as slot i = 1, the second transmission (or first retransmission) slot
as i = 2, and so forth until the Kth primary transmission. The state
of the HARQ process of the interferer at time slot i ∈ {1, . . . ,K} is
described by a variable UI,i ∈ {1, . . . ,KI}, so that we have UI,i = k
if in slot i the interferer (re)transmits the current packet for the kth
time (i.e., k = 1 corresponds to the first transmission, etc.). For

1This only requires the ST to be able to decode the preamble of IT’s packet,
which typically contains the information regarding the physical-layer mode
used in the packet.

simplicity of analysis, we assume that UI,1 has a generic distribution
Pr[UI,1 = a1].2

In the proposed approach, SL is triggered by errors on the PT–PR
link. Specifically, the PT can follow three different policies on how to
handle retransmissions. The first option is not to perform SL. In this
case, the retransmissions are performed directly by the PT. With the
last two options, instead, parts of the retransmission slots, under given
conditions to be discussed, are leased to the ST. We detail the three
policies in the following.

NSL: The primary link does not lease a spectrum to ST at any time. If
the reception of the primary packet fails in the first slot, as shown
in Fig. 2(a), the PT performs up to (K − 1) retransmissions
until the packet is successfully received, or the maximum number
K − 1 of retransmissions is carried out.

SL via CT (SL-CT): If the ST decodes the PT’s packet in the first
slot or any slot during the following (K − 2) retransmissions,
it informs the PT and/or the PR. Part of the next retransmission
slot is then leased to the ST, along with all possible subsequent
retransmissions. Specifically, the spectral resources in the slots
at hand are divided into two parts, e.g., in time or frequency, as
shown in Fig. 2(b). In the first part of the slot, termed cooper-
ation slot, of relative size 0 ≤ α ≤ 1, ST cooperates with PT in
forwarding a fraction α of symbols of the primary packet to the
PR. The second part of the slot, termed leased slot, of relative
size ᾱ = 1 − α, is instead leased to secondary transmission for
communication between the ST and the SR, as shown in Fig. 2(c).
This scheme is akin to the strategy proposed in [9].

SL via CIM (SL-CIM): If ST decodes IT’s packet in the first slot or
any slot during the following (K − 2) retransmissions, it informs
the PT and/or the PR. We assume that PR is able to overhear the
acknowledgment (ACK) or no ACK (NACK) messages fed back
by the IR regarding the previous transmission of IT. Since these
messages are typically transmitted with powerful error-correcting
codes, the assumption appears reasonable in practical systems. If
a NACK message from IR is observed and the ST has correctly
decoded IT’s packet, ST signals to the PT its availability for

2This means that the distribution of UI,1 can be any distribution.
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SL. This way, part of the retransmission slot is leased to the
ST, along with all subsequent retransmission slots in which the
IT retransmits the same packet. The rationale for this is that,
unlike SL-CT, in the cooperation slot shown in Fig. 2(b), the ST
forwards a fraction α of the symbols of the IT’s packet, rather
than the primary packet, to the PR. This way, the ST boosts the
reception of the interfering signal with the aim of enabling more
effective interference mitigation by joint decoding at the PR.

Note that, in both SL strategies described earlier, ST is always in
the receiving mode and begins transmitting its own data only when
part of the primary slot is leased to it. Moreover, parameter α is set
by the secondary link to satisfy its QoS requirements. Secondary QoS
requirements are defined by a maximum probability of outage Pmax,S

out

that must be supported on the ST–SR link in the case that SL is granted.
Note that the ST–SR link does not employ HARQ.

IV. PERFORMANCE ANALYSIS

Here, we analyze the performance of NSL, SL-CT, and SL-CIM.
To this end, the following definitions are useful. Let the Shannon
capacity of a Gaussian channel be C(x) = log2(1 + x) and (x)+ =
max{x, 0}. Consider a scenario with two transmitters and one re-
ceiver, i.e., a multiple-access channel (MAC), in which the signal
from transmitter 1 is received with power ρ1 and transmitter 2
with power ρ2. The maximum rate achievable by user 1 if user 2
transmits at rate r2 is well known to be given by C1(ρ1, ρ2, r2) =
max(RN (ρ1, ρ2), RJ(ρ1, ρ2, r2)), where [10, Lecture note 4]

RN (ρ1, ρ2) =C
(
ρ1(1 + ρ2)

−1
)
, RJ(ρ1, ρ2, r2)

= min
{
C(ρ1), (C(ρ1 + ρ2)− r2)

+
}
. (1)

Rate RN (ρ1, ρ2) is achieved if the receiver treats the signal of trans-
mitter 2 as noise (subscript “N” stands for “Noise”), whereas rate
RJ(ρ1, ρ2, r) is achieved if the receiver jointly decodes the two users
(subscript “J” stands for “Joint”). By optimally choosing between the
two decoders, rate C1(ρ1, ρ2, r2) is achieved.

By using the definitions given, the primary outage probability
Pout,P for all (re)transmissions, in which the PT transmits directly to
the PR, is given by

Pout,P = Pr [RP ≥ C1(gPPPP , gIPPI , RI)] . (2)

where RP is the primary rate. This is because, when PT transmits, the
PR is the receiver in a MAC with the two transmitters being the PT
(which plays the role of user 1 in the discussion above) and the IT
(which plays the role of user 2). Recall that with type-I HARQ, decod-
ing in different slots takes place independently. Similar calculations
apply also for the other links, as explained in the following.

We consider the throughput, i.e., the average number of primary
packets that are successfully delivered per slot, as the performance
metric of interest, which can be calculated as

TP =
P

(K)
succ

E[NP ]
(3)

where P
(K)
succ is the probability of the successful primary packet de-

livery within the maximum number of transmissions of K slots, and
E[NP ] is the average number of time slots used by the primary HARQ
process. The random variable NP ∈ {1, . . . ,K} denotes the (random)
number of transmission attempts spent by the primary HARQ process,

accounting also for the possibly leased time slots, and its probability
distribution is given by

Pr[NP = k]

=

⎧⎪⎪⎨
⎪⎪⎩

(
1 − P

(k)
out,P

) k−1∏
j=1

P
(j)
out,P , for k = 1, . . . ,K − 1

K−1∏
j=1

P
(j)
out,P , for k = K

(4)

where P
(k)
out,P is the probability of outage at the PR in slot k given

that all previous transmission attempts up to the (k − 1)th attempt
were unsuccessful. Note that NP = K only entails that the first K − 1
transmissions were unsuccessful, which explains the second line in (4).
The probability P

(K)
succ is then given by

P (K)
succ =

K−1∑
k=1

Pr[NP = k] + Pr[NP = K]
(

1 − P
(K)
out,P

)
(5)

whereas the average number of retransmissions is evaluated as
E[NP ] =

∑K

k=1
kPr[NP = k]. We now detail the evaluation of

P
(k)
out,P for the different schemes.

A. NSL

With NSL, the probability of outage at the kth retransmission is
simply given by P

(k)
out,P = (Pout,P )

k since, with HARQ type-I, all
transmission attempts are independent. Note that the HARQ processes
of the PT–PR and IT–IR links evolve independently with NSL.

B. SL-CT

Here, we derive the performance of SL-CT. The derivation does not
follow from [9] due to the presence of the interferer. Consider first
the calculation of the SL parameter α based on the secondary QoS, as
defined by outage probability Pmax

S,out. Assuming for simplicity that SR
decodes based only on the signal received in the leased slot, the SL
parameter α is calculated by imposing the following condition:

Pr
[
RS ≥ ᾱC1(gSSPS , gISRPI , RI ᾱ

−1)
]
≤ Pmax

S,out (6)

where RS and RI is the secondary and interferer rates, respectively,
and the left-hand side of (6) is the secondary outage probability. This
is because, in the leased slot, the SR acts as the receiver in a MAC
with the two transmitters being ST and IT [recall the discussion around
(1)]. Note that the effective interferer’s rate observed by the SR in the
leased part of the slot is RI ᾱ

−1 due to the fraction ᾱ of channel uses
allocated to the leased slot. If (6), taken with equality, has a solution in
0 ≤ α ≤ 1, this choice of α guarantees the secondary QoS constraint.
If it does not have a solution, then we say that SL is not feasible for the
given secondary QoS constraints.

Assuming that SL is feasible, the primary outage probability P
(k)
out,P

in the kth slot given that all previous transmissions were unsuccessful
can be calculated by definition as

P
(k)
out,P = Pr[Ok|O1, . . . ,Ok−1] =

Pr[O1, . . . ,Ok]

Pr[O1, . . . ,Ok−1]
(7)

where Oj is the outage event at the PR in time slot j. The joint
probability Pr[O1, . . . ,Ok] can be calculated using the law of total
probability as

Pr[O1, . . . ,Ok] =

k−1∑
j=1

Pr[NPS = j](Pout,P )
j
(
PSL−CT
out,P

)k−j

+

(
1 −

k−1∑
j=1

Pr[NPS = j]

)
(Pout,P )

k (8)
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where the random variable NPS measures the number of primary
transmission attempts needed for ST to decode the primary packet.
Specifically, we have NPS = j if ST decodes PT’s packet at the jth
slot (i.e., at the jth primary transmission attempt). Moreover, P SL−CT

out,P

is the probability of outage at the PR given that the ST transmits the
primary packet in the cooperation slot, which is given by

PSL−CT
out,P = Pr

[
RP ≥ αC1

(∣∣∣∣hPP

√
d−γ
PPPP

+ hSP

√
d−γ
SPPS

∣∣∣∣
2

, gIPPI , RIα
−1

)]
. (9)

This is because the ST does not know the channel to the SR; thus, co-
operation with the PT takes place by forwarding the PT’s packet non-
coherently. The probability of NPS = j is given by Pr[NPS = j] =
(P SL−CT

out,S )j−1(1 − P SL−CT
out,S ), where P SL−CT

out,S is the probability that
the ST is not able to decode the PT’s packet in a slot, which is easily
seen to be given by P SL−CT

out,S = Pr[RP ≥ C1(gPSPP , gISPI , RI)].
We remark that (8) reflects the fact that, upon decoding at the jth
retransmission, all the following possible primary retransmissions are
leased to ST. Furthermore, probability (8) is calculated using the fact
that, when conditioned on the event {NPS = j} for j = 1, . . . , k − 1
or on the complement of event ∪k−1

j=1{NPS = j} (i.e., on the event the
ST does not decode PT’s packet during the first k − 1 transmissions),
the decoding attempts at different slots by PR are independent.

C. SL-CIM

With SL-CIM, calculation of parameter α is done in the same way
as for SL-CT, i.e., through condition (6). We now assume that SL is
feasible, i.e., that (6), taken with equality, has a solution. Calculation
of the outage probability P

(k)
out,P of the PT in the kth slot with SL-CIM

is complicated by the fact that P (k)
out,P depends not only on whether

ST successfully decoded the IT’s packet in some previous slot but also
on the current state of the IT’s HARQ process. This is because, as
described earlier, SL is performed only if IT retransmits a previously
transmitted packet in the current slot to enable interference boosting at
PR. Note that, based on the above, SL-CIM not only depends on the
channels between the ST and the IT but also on the channels between
the IT and the IR.

To elaborate, for each k = 1, . . .K, we define two random vectors,
namely Uk

I = [UI,1, . . . , UI,k] and Uk
IS = [UIS,1, . . . , UIS,k], where

we recall that UI,j ∈ {1, . . . ,KI} is the index of the IT’s transmission
attempt during the jth transmission slot of the PT, whereas random
variable UIS,j ∈ {0, 1} indicates whether the ST has decoded in some
prior slot the packet currently being transmitted by the IT (UIS,j = 1)
or not (UIS,j = 0). Therefore, we have UIS,j = 1 if, at the beginning
of slot j, the ST has made available the packet that the IT transmits
in slot j, and we have UIS,j = 0 if otherwise. With these definitions,

probability P
(k)
out,P can be calculated as follows:

P
(k)
out,P =

∑
a∈{1,...,KI}k,b∈{0,1}k

Pr
[
Uk

I = a, Uk
IS = b

]
× (Pout,P )

NI (a,b)
(
P SL−CIM
out,P

)k−NI (a,b) (10)

where the sum in (10) is taken with respect to all possible pairs of
sequences Uk

I and Uk
IS. Moreover, for given sequences Uk

I = a and
Uk

IS = b, NI(a, b) is the number of slots j at which the ST does not
have available the currently transmitted IT packet, i.e., at which either
IT starts a new transmission (i.e., UI,j = 1), or the IT retransmits,
but the ST was not able to decode the IT’s packet in any of the
previous slots (i.e., UI,j �= 1, and UIS,j = 0). Finally, P SL−CIM

out,P is the
probability of outage at the PR, given that ST forwards interference in
the cooperation slot. This is given by

P SL−CIM
out,P = Pr

[
RP ≥ αC1

(
gPPPP ,

∣∣∣∣hIP

√
d−γ
IP PI

+ hSP

√
d−γ
SPPS

∣∣∣∣
2

, RIα
−1

)]
(11)

since, for a fraction α of the time (the cooperation slot), the IT’s signal
is received by the PR boosted by the transmission of ST. Notice that
the signals from the IT and the ST add incoherently at the PR due to the
lack of CSI. Probability (11) follows since the PR in the cooperation
slot acts as the receiver in a MAC with the transmission to be decoded
being the PT’s packet in the presence of the IT’s transmission. We
finally remark that (10) reflects the fact that, when conditioned on
sequences (Uk

I , U
k
IS), the decoding error events at PR in each slot are

independent.
We now explain how to calculate the probability Pr[Uk

I = a, Uk
IS =

b] in (10). Recalling that the state UI,1 of the HARQ process of the
IT–IR link at slot j = 1 is assumed to have a uniform probability
distribution on the set {1, . . . ,KI} and that UIS,1 = 0 with probability
1, using the chain rule for probability distributions, we have

Pr
[
Uk

I = a, Uk
IS = b

]
= Pr[UI,1 = a1]δ(b1)

k−1∏
j=1

Pr

× [UIS,j+1 = bj+1|UI,j = aj , UIS,j = bj ] Pr
× [UI,j+1=aj+1|UI,j=aj , UIS,j=bj , UIS,j+1=bj+1] (12)

where δ(·) is the Kronecker delta function, i.e., δ(x) = 1 if x = 0, and
δ(x) = 0 if otherwise. Equation (12) follows since the joint process
(Uk

I , U
k
IS) is easily seen to be Markovian. The probability terms in (12)

are obtained by evaluating the transition probabilities of this Markov
chain, which is shown in Fig. 3. From the description of the system
model, it is not difficult to see that the probability Pr[UIS,j+1 =
bj+1|UI,j = aj , UIS,j = bj ] is equal to (13), shown at the bottom of
the page, where P SL−CIM

out,I is the probability of outage at the IR in

a leased slot, whereas P SL−CIM
out,IS is the probability that the ST does

not successfully decode the IT’s packet, which are calculated in the
following: To interpret (13), note that the first line reflects the fact that,
if the previous slot, i.e., the jth slot, contained the last transmission
of an IT packet (i.e., UI,j = KI ), then necessarily, the IT sends a
new packet in the current slot, i.e., the (j + 1)th slot; therefore, this
packet is not available at the ST (i.e., UIS,j+1 = 0). The following
lines account for the cases in which the previous slot was not the last
transmission of an IT packet. Specifically, the second line follow since,

⎧⎪⎪⎨
⎪⎪⎩

δ(bj+1) if aj = KI

P SL−CIM
out,I if aj �= KI , bj = 1, bj+1 = 1(

1−PSL−CIM
out,IS

)
Pout,I(

1−PSL−CIM
out,IS

)
Pout,I+PSL−CIM

out,IS
Pout,I+(1−Pout,I )

if aj �= KI , bj = 0, bj+1 = 1
(13)
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Fig. 3. State transition diagram of the Markov chain (Uk
I , U

k
IS), where Uk

I =
(UI,1, . . . , UI,k), with UI,j being the index of IT’s transmission attempt
during the jth transmission slot of PT, and Uk

IS = (UIS,1, . . . , UIS,k), with
UIS,j , indicating whether ST has decoded in some prior slot the packet
currently being transmitted by the IT or not. States are represented by (UI,j =
a, UIS,j = b) with a ∈ {1, . . . ,KI} and b ∈ {0, 1}. Only nonzero transition
probabilities are illustrated as edges.

when the ST had the IT’s packet available in the previous slot (i.e.,
UIS,j = 1), then in the current slot j + 1, we have that UIS,j+1 = 1
if the IT’s transmission was in outage in the previous slot. Finally, the
third line reflect the fact that, if ST does not have the current IT packet
in slot j (i.e., UIS,j = 0), it will have it in the next slot if the IT suffers
outage and, at the same time, the ST successfully decodes the IT’s
packet in the jth slot. The probability that the link IT–IR is in outage
in a leased slot can be calculated as

P SL−CIM
out,I =Pr

[
RI ≥αC

(∣∣∣∣hII

√
d−γ
II PI+hSI

√
d−γ
SI PS

∣∣∣∣
2
)

+ ᾱRN (gIIPI , gSIPS)

]
. (14)

This follows from simple information-theoretical considerations since,
for a fraction α of the time (the cooperation slot), the IT’s signal
is received by the IR boosted by the transmission of ST [first term
in (14)], whereas for the remaining fraction of time, the ST trans-
mits the secondary packet, which we treat for simplicity as noise
[second term in (14)]. Instead, the probability that the ST does not
successfully decode the IT’s packet is given by P SL−CIM

out,IS = Pr[RI ≥
C1(gISTPI , gPSTPP , RP )] since ST acts as the receiver in a MAC
with two transmitters being the IT and the PT.

Finally, following similar reasoning as for (13), the probability
Pr[UI,j+1 = aj+1|UI,j = aj , UIS,j = bj , UIS,j+1 = bj+1] is equal
to (15), shown at the bottom of the page, where Pout,I is the
probability of outage at the IT in a slot in which the ST does not

Fig. 4. Geometry of nodes on the xy plane considered in Section V.

Fig. 5. Primary throughput TP versus PT–ST distance dPS for NSL, SL-CT,
and SL-CIM for K = 5 and IT locations. (a) x = 1.5, and y = 0.2. (b) x = 0.5
and y = 0.2. (PP = PS = 4, PI = 10, RP = RS = 1, RI = 4).

transmit (i.e., a slot that is not leased) given by Pout,I = Pr[RI ≥
RN (gIIPI , gPIPP )], where we assume, for simplicity, that the PT’s
signal is treated as noise at the IR.

V. NUMERICAL RESULTS

Here, we provide some insights into the performance comparison of
NSL, SL-CT, and SL-CIM. We assume that the PT, the PR, and the SR
are located at the positions (x = 0, y = 0), (x = 1, y = 0), and (x =
0.5, y = 0.5) of the xy plane, respectively, as shown in Fig. 4. The ST
is located on the x-axis aligned with the PT and the PR at a PT–ST
distance dPS [4]. Nodes communicate over Rayleigh fading channels.
The primary, secondary, and interferer transmit power values are PP =
PS = 4 and PI = 10, respectively, and the path-loss exponent is
γ = 3. The larger power sent by the interferer is typical of scenarios,
such as the scenario discussed in Section II, in which the IT is a high-
power node such as a macro base station.

Fig. 5 plots the primary throughput TP versus the PT–ST dis-
tance dPS for NSL, SL-CT, and SL-CIM with interference rate

⎧⎪⎪⎨
⎪⎪⎩

δ(aj+1 − 1) if aj = KI or aj �= KI , bj = 1, bj+1 = 0
δ (aj+1 − (aj + 1)) if aj �= KI , bj+1 = 1

(1 − Pout,I)
(
Pout,IP

SL−CIM
out,IS + (1 − Pout,I)

)−1
if aj �= KI , bj = 0, bj+1 = 0, aj+1 = 1

Pout,IP
SL−CIM
out,IS

(
Pout,IP

SL−CIM
out,IS + (1 − Pout,I)

)−1
if aj �= KI , bj = 0, bj+1 = 0, aj+1 = aj + 1

(15)
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Fig. 6. Primary throughput Tp versus the interferer’s rate RI for NSL, SL-CT,
and SL-CIM for fixed IT location (x = 1.5, y = 0.2) (PP = PS = 4, PI =
10, RP = RS = 1, RI = 4).

RI = 4 bits/s/Hz and for different interferer locations, namely (x =
0.5, y = 0.2) and (x = 1.5, y = 0.2). We introduce exclusion zones
(boxes on the x-axis) around the points where the PT and the PR
are located to avoid divergence of the received power. Note that the
performance of SL-CT does not depend on KI . A first observation
is that SL techniques can widely outperform NSL, while allowing
both primary and secondary transmissions, as also pointed out in [1]
and [2]. In this regard, it is noted that the primary throughput of SL-CT
and SL-CIM reduces to the corresponding NSL throughput only as the
ST moves sufficiently far away from the PT and the IT, respectively.
This is because the ST cannot decode data packets from the PT or
the IT.

Regarding the performance comparison of SL-CT and SL-CIM, it
is seen that SL-CIM outperforms SL-CT whenever the ST is in the
vicinity of IT so that it is more capable of decoding the interference
rather than the primary signal. Such performance gains increase as the
maximum number of interferer retransmissions KI is increased since
a larger KI implies that IT’s packets are dropped due to exceeding the
maximum number of retransmissions; hence, more opportunities for
SL arise. It is also seen that moving IT closer to the primary link, i.e.,
to position (x = 0.5, y = 0.2), reduces the primary throughput gain of
SL-CIM, as compared with SL-CT since the PR has a better observa-
tion of IT’s transmission and can thus perform effective interference
management even without the help of the ST.

Fig. 6 plots the primary throughput TP versus the IT’s rate RI

for a fixed position dPS = 1.5, KI = 5, and K = 4. It is shown that
SL-CIM is the best-performing strategy unless the rate RI is either
too small, in which case interference forwarding is not necessary
for effective interference management, or is too large, in which case
SL-CIM is not feasible.

Fig. 7 shows as a shaded area the pair of interferer rate RI and
ST position dPS for PI = 10, 6 for which SL-CIM is feasible and
advantageous over SL-CT. As it can be seen from the figure, the range
of interferer rates RI , for which SL-CIM is advantageous, is largest
when the ST is close to the IT; as in this case, decoding the interfering
signal is possible also at larger rates. The figure also shows the effect
of a reduced interfering power PI . As PI decreases, the range of rates
RI for which SL-CIM is advantageous decreases due to the fact that
the interfering signal becomes more difficult to decode at ST.

Fig. 7. Region of pairs of interferer’s rate RI and ST position dPS for which
SL-CIM is feasible and advantageous over SL-CT. (PP = PS = 4, PI =
10, 6, RP = RS = 1).

VI. CONCLUDING REMARKS

In this paper, we have investigated the possibility that the secondary
link gains access to the channel by forwarding information about
the interference rather than the primary signal. We have shown that
choosing between SL-CIM and SL-CT, depending on the ST location
and interference rate and power, provides substantial performance
gains in terms of primary throughput with respect to relying only on
the conventional SL-CT (i.e., primary packet relaying). We have also
shown that the performance gains depend on the interferer’s rate and
on the quality of the IT–IR link, and increase as the increase number
of allowed retransmission KI increases (see Fig. 7 for an illustration).

REFERENCES

[1] O. Simeone, I. Stanojev, S. Savazzi, Y. Bar-Ness, U. Spagnolini, and
R. Pickholtz, “Spectrum leasing to cooperating secondary ad hoc
networks,” IEEE J. Sel. Areas Commun., vol. 26, no. 1, pp. 203–213,
Jan. 2008.

[2] D. Zhang, R. Shinkuma, and N. B. Mandayam, “Bandwidth exchange:
An energy conserving incentive mechanism for cooperation,” IEEE Trans.
Wireless Commun., vol. 9, no. 6, pp. 2055–2065, Jun. 2010.

[3] S. K. Jayaweera, G. Vazquez-Vilar, and C. Mosquera, “Dynamic spec-
trum leasing: A new paradigm for spectrum sharing in cognitive radio
networks,” IEEE Trans. Veh. Technol., vol. 59, no. 5, pp. 2328–2339,
Jun. 2010.

[4] G. Kramer, I. Maric, and R. D. Yates, “Cooperative communications,”
Found. Trends Netw., vol. 1, no. 3, pp. 271–425, Aug. 2006.

[5] J. M. Peha, “Approaches to spectrum sharing,” IEEE Commun. Mag.,
vol. 43, no. 2, pp. 10–12, Feb. 2005.

[6] R. Dabora, I. Maric, and A. Goldsmith, “Relay strategies for interference-
forwarding,” in Proc. IEEE Inf. Theory Workshop, Porto, Portugal,
May 2008, pp. 46–50.

[7] I. Maric, R. Dabora, and A. Goldsmith, “Interference forwarding in mul-
tiuser networks,” in Proc. IEEE GLOBECOM Conf., New Orleans, LA,
Nov. 2008, pp. 1–5.

[8] G. Gür, S. Bayhan, and F. Alagöz, “Cognitive femtocell networks: an
overlay architecture for localized dynamic spectrum access [dynamic
spectrum management],” IEEE Wireless Commun., vol. 17, no. 4, pp. 62–
70, Aug. 2010.

[9] I. Stanojev, O. Simeone, U. Spagnolini, Y. Bar-Ness, and R. Pickholtz,
“Cooperative ARQ via auction-based spectrum leasing,” IEEE Trans.
Commun., vol. 58, no. 6, pp. 1843–1856, Jun. 2010.

[10] A. El Gamal and Y.-H. Kim, Network Information Theory. Cambridge,
U.K.: Cambridge Univ. Press, 2012.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


