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Abstract— We propose and analyze a novel decentralized
mechanism that motivates otherwise non-cooperative stations to
participate as relays in cooperative ARQ protocol. Cooperation
incentive is provided by the possibility for the source to lease a
portion of retransmission slot for the traffic of relaying terminals.
To further leverage the opportunistic nature of cooperative ARQ
and obtain a fully decentralized solution, the (motivated) relaying
nodes compete for access to the retransmission slot by trying
to make the best retransmission offer. Effective arbitration of
cooperative retransmissions is performed using auction theory
(bidding), with the source in the role of the auctioneer, the
relaying nodes acting as the bidders and the (use of the)
retransmission slot as the bidding article. It is noted that the
proposed solution can be seen as a practical framework for the
implementation of cognitive radio networks running according to
the property-rights model (spectrum leasing). Numerical results
and analysis confirm the efficient dynamic resource allocation
property of the proposed scheme, revealing the relevant gains
in terms of expected number of (re)transmissions required for
successful data delivery for both the source (primary) and the
cooperating (secondary) nodes.

I. INTRODUCTION

Cooperative Automatic Repeat ReQuest (ARQ) protocol
[1] is a promising technique that provides a synergy be-
tween two important communication paradigms, cooperation
[2] and opportunistic resource allocation [3]. In particular, a
source-destination link applying this protocol might hand over
possible retransmissions to one of the available neighboring
terminals that were able to decode the original transmission;
thus, the cooperative transmission is prescribed only if needed
in an opportunistic fashion [1]. Despite this attractive property,
implementation of cooperative ARQ protocols (and cooper-
ative protocols in general [2]) is often debated [4], since
the underlying assumption that relays unconditionally assist
communications without any benefit, is unrealistic for regular
(e.g., users’) mobile stations.

Given the above, we alleviate the assumption that available
relays are willing to assist the ongoing transmission in an
altruistic fashion, and propose an incentive mechanism for
cooperation based on spectrum leasing. Specifically, incen-
tive for (otherwise non-cooperative) relaying nodes is given
by the possibility for the source to lease a portion of the
retransmission slots (or equivalently a number of subcarriers

in an OFDM system) for the traffic of retransmitting relay
terminal in exchange for cooperative retransmission. To further
leverage gains from opportunistic transmission and obtain
a fully decentralized solution, the relays (now motivated to
cooperate) compete for the retransmission slot by trying to
make the best retransmission offer (i.e., reliability), while
simultaneously satisfying some reliability requirements for
transmission of their own data in case of offer acceptance.
Effective selection of relay retransmissions is performed using
auction theory (bidding) [5], with the source in the role
of the auctioneer, the relays acting as the bidders, the (use
of the) retransmission slot as the bidding article and the
retransmission reliability as the selection criteria. In particular,
due to its many attractive properties (as discussed in Sec. II),
we employ Vickrey (second-price) auction [6] to study the
system performance.

Beside providing an attractive solution for the deploy-
ment of cooperative ARQ via spectrum leasing, the proposed
solution can be conversely seen as a practical framework
for the implementation of cognitive radio networks running
according to property-rights model (spectrum leasing) [7]. In
such networks, primary (licensed) users may lease portions
of the licensed spectrum to secondary (unlicensed) users in
exchange for some form of retribution. Here, the role of the
primary node is played by the original source and that of the
secondary by the relaying nodes. Moreover, retribution from
secondary to primary nodes is in the form of cooperation to
the primary transmission. This enables on-the-air decisions
and avoids the regulatory issues or money transactions that
commonly hinder the implementation of the spectrum leasing
concept. The idea of spectrum leasing via cooperation was
originally proposed in [8]. The solution therein requires a
centralized decision process at the primary node based on
global system information. The proposal in this current work
can be seen as a further elaboration on the ideas of [8] to
offer a fully distributed solutions by exploiting cooperative
ARQ and auction theory.

II. VICKREY AUCTION

Auctions are a widely accepted mechanism for distribution
of a limited amount of resources among competing users [5].



In this section we present some background information re-
garding Vickrey auction, which will be useful in the following.
It is noted that the considered framework is, however, not
limited to Vickrey auctions and may be implemented via other
auction types [9].

Among various auction types, the sealed bid second-price
Vickrey auction is of particular interest, due to its attractive
properties [6]. In this type of auction, the bidding item is
awarded to the highest bidder at the price of the second highest
bid. The most attractive property of Vickrey auction is its ’truth
telling nature’: a weakly dominated strategy for each bidder
is to report their evaluations of the bidding item #ruthfully. In
particular, [6] defines truthful bidding as bidding with the price
at which the bidder would be on the margin of indifference as
to whether he obtains the article or not. Important consequence
of this property is that the bidder requires no information on
other bidders’ strategies or their evaluations of the bidding
item, as this knowledge would not impact its bidding strategy.

Since the price paid by the winning bidder is not larger than
its item evaluation, the bidders are guaranteed a nonnegative
profit. This creates a strong motivation for the users to take part
in auction, which in turn increases the profit of the auctioneer.
Furthermore, the auctioneer has the option of setting the lowest
acceptable price (i.e., the reserve price) which reflects its
own evaluation of the bidding item. By declaring a reserve
price, the auctioneer is also guaranteed a nonnegative payoff.
The desirable properties of Vickrey auction have already been
exploited by the communication community in, e.g., [10].

III. SYSTEM MODEL

Consider a scenario with source S, access point AP and a
set of K available relaying stations {Rk.}iil (see Fig. 1 with
K = 2). The source S maintains an error-free transmission
towards the AP by means of a memoryless retransmission
protocol (ARQ) with transmission rate (of the original trans-
mission) Cy g [bit/s/Hz]. Each (re)transmitted packet occupies
a time-slot of normalized duration 77 = 1. The relaying
stations {Ry}, if granted access by the source, are interested
in transmitting their data to the AP, under the constraint of
minimum reliability qx min, K = 1, ..., K. Reliability is defined
as the probability that transmission is successful (see Sec. IV
for more details). The opportunity for the relays’ transmission
arises in the case of erroneous S-AP transmission: upon
receiving a NACK (Negative Acknowledgement) message
from AP, in order to increase the retransmission reliability
(and thus reduce the overall number of (re)transmissions),
the source is willing to lease its retransmission slot, provided
that the awarded Ry, besides transmitting its own data, will
also use it for the retransmission of source’s message. More
specifically, S awards the retransmission slot to the relay that
() decoded original message from S and (i3) offers to provide
the largest message retransmission reliability, and particularly
larger than the reliability achievable by S alone. The relays,
on the other hand, compete for access by trying to make the
best retransmission offer to the source, while simultaneously
maximizing the reliability for transmission of their own data in
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Fig. 1. Proposed retransmission model: (a) original source transmission
(broadcast) with NACK from AP, (b) retransmission interval in case Ry wins
the auction (K = 2).

case of the offer acceptance (under the constraint on gx min)-
This interaction between the source and independent relays
can be conveniently cast in the auction-theoretic framework,
with the source in the role of the auctioneer, the relays as the
bidders competing for access to retransmission slot, and the
retransmission slot as the bidding article. In the following, we
detail on the auction model for proposed cooperative ARQ
scheme, applying the rules of Vickrey auction, as anticipated
in Sec. II.

A. Auction-Based Spectrum Leasing

Upon receiving the NACK message from the AP (Fig. 1-
(a)), S determines the retransmission reliability ppin achiev-
able with no help from the relays (as detailed in Sec. I1I-B and
Sec. 1V, the retransmission reliability p,;, is estimated using a
training sequence embedded in the NACK message), sets it as
the reserve price and auctions the retransmission slot. During
the original source transmission, the relays attempt to decode
the message (Fig. 1-(a)) and, in case of successful decoding
and retransmission request from the AP, calculate and submit
the optimal bid for the auctioned retransmission slot. This is
in the form of the source’s packet retransmission reliability pj,
estimated from the training sequence in the NACK message
(as detailed in Sec. IV). We assume, without loss of generality,
that the relays that decoded the source message and are eligible
for the auction are indexed as {Ry},_,, where n < K denotes
the number of such stations. To simplify the model, once (any
of) the relays decode and make the bid for a particular source
message, the auction for this message, even in the case of its
further retransmissions, is closed for other relays.

The process for calculating a bid is as follows. Each relay
Ry has a target rate Co g, [bit/s/Hz], a minimum required
reliability gg min for transmission of its data and a per-slot
available energy FEj [Joule/channel symbol]. The profit for
Ry, is the difference between the reliability gj that it would
achieve if winning the auction and gy min. Moreover, if the
relay is not granted the access, the profit is zero. Reliability
qr is calculated based on the outdated channel information
at Ry, obtained from the NACK message. In the case Ry’s
offer is accepted, Ry sets a fraction 0 < «f < 1 of the
granted retransmission slot for the retransmission of the source
message, and reserves the remaining fraction of 1 — ay for
transmission of its own data, as illustrated in Fig. 2-(a).
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Fig. 2. Proposed auction-based model: (a) upon reception of a NACK, relays
calculate and submit their bids, (b) auction outcome and (c¢) summary of the
auction process with mapping p; = fi(qr,min) and profit of the winning

relay Gy — qg i (B =n = 2and p5 > pi > pmin, with k=2 and
Dy, = py)-

Furthermore, the transmission energy invested for the source
message retransmission (during the fraction ay) is Epigr <
Ey and thus, B — Epq 1s the energy for transmission of
its own data, during the slot fraction of duration 1 — ay.
Following the principles of Vickrey auction, the optimal bid
of the kth relay reflects its evaluation of the item; herein, this
boils down to the constraint g, = gr,min Which corresponds
to the indifference evaluation for Rj between obtaining the
retransmission slot or not. The optimization process behind
selection of a bid py, is then:

(M

max P, Evid k),
ak,Evid,k

s.t. gk (o, Evid k) = Qk,min,
O<apr <1, 0< Ebid,k < FEy.

P =

Notice that the solution of optimization (1) can be regarded as
a bid function, i.e., the mapping of the kth bidder’s evaluation
of the item to its bidding offer, p; = fi(gk min). The
underlying physical layer parameters defining the quantities in
(1) are described in Sec. III-B, while the optimization process
(1) is the focus of Sec. IV-A.

After the bids from (1) are calculated and submitted (Fig.
2-(a)), the source awards the auctioned slot to the relay k,
where k = arg maxy, pj, assuming that pz > Pmin (Fig.
2-(b)); if p}; < Pmin, None of the relays is granted the
access and the source performs retransmission on its own. The
standard assumption, also adopted herein, is that, in the case
of multiple equal (highest) offers, the situation is resolved by
random allotment to one of the strongest bidders. Assuming
that pz > Pmin, 1.€., that the auction resulted in the slot lease

to Ry, the reliability required from R;, according to Vickrey
auction, is either the second highest bid or the reserve price
Pmin, 1.€., Py = max{pmin,maxk#,;: pr} (for example in Fig.
2-(b), K =n =2, k=2, pmin < p} = P2 < p}). Given the
"price" p; = py, the relay Ry, can improve its profit q; —qy .. ,
with respect to the zero-profit (¢r = gk min) used to evaluate
the bid (1). This leads to the following optimization problem to
determine the relay’s reliability §; and corresponding resource
allocation E,, ; and ay;:

v

qy, = max gy (o, By 1),
s.t. py, :]3];,
0<0¢f€ <1, 0<Ebid,l:c <El§-'
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Notice that, while in (1) the focus is on bidding with the con-
straint on the reliability of relay g = gk, min, the optimization
(2) is "dual" of (1), as here the constraint is the reliability
of the source p; = pj;. Since the mapping pp = fi(q) is
unique for any value ¢, the auction process can be illustrated
on Fig. 2-(c) where bidding reflects the mapping gi min — Dj;,
the value p; is the the agreed source reliability and mapping
Dy, — g > T min corresponds to optimization (2).

B. Physical Layer and Basic Definitions

The channels over different links are modeled as inde-
pendent complex Gaussian variables, invariant within the
transmission slot. Delay between the (re)transmission slots
is large enough to assume uncorrelated (block) fading. The
following notation is employed to denote the instantaneous
complex channel values within a (re)transmission slot: hg
between S and AP; hgr between S and Ry; and hprs i
between Ry and AP, for any £ = 1,.., K. The respective
channel power gains are g5 = E[|hs|’], gsr = E[|lhsrl’]
and grs = E[|hRS,k|2] (i.e., the channels have equal gain, for
any k = 1,.., K). The available energy per channel symbol
of the source is denoted as Eg, energy of the kth relay, as
indicated above, is E}, while the single-sided spectral density
of the independent white Gaussian noise at the receivers is
normalized to unity, Ng = 1. As noted before, the target
transmission rates of the (original transmission) of S and Ry
are Cy s and Cy g, , respectively.

To determine the transmission reliability for a given
(re)transmission slot, each transmitting node exploits the
knowledge of the channel towards the AP, obtained via a
training sequence embedded in the ACK/NACK message from
AP (assuming time-division-duplex, TDD). Channel variation
during the interval between the estimation instance and the
consequent (re)transmission slot is accounted for and modeled
through a temporal correlation parameter p, as in, e.g., [11].
Notice that delay between the downlink channel estimation
and the following (re)transmission slot is not negligible but
still much smaller than the delay between (re)transmissions,
in order for block-fading to hold. The actual channel h €
{hs,hrs1,.., hrs Kk} during the (re)transmission slot is out-
dated with respect to the channel at the receiving time interval



h (with correlation p) and the corresponding modelling is [11]
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where h ~ CN(0,9), g = E[|h*] and w ~ CN(0,0?) is the
innovation term (due to the outdated knowledge) with variance
02 = (1 — p?)g. The normalized power channel gain |h|?/o?
takes the distribution of a noncentral chi-square variable with
two degrees of freedom and noncentrality parameter |ph|? /o2,
|h|2/0% ~ x2(|ph|?/o?). From this distribution, the reliability
can be easily evaluated by assuming coding at the Shannon
limit for a given target rate and considering the outage
probability, as detailed in the following section.

h:piL+w,

IV. SYSTEM ANALYSIS

This section provides the analysis of the model at hand.
Firstly, we elaborate on the solutions of the optimization
problems (1) and (2) that define the auction process. Then, we
evaluate the system performance in terms of average number
of (re)transmission slots required for reliable transmission
of a source’s packet; for analytical tractability, this task is
performed assuming identical relays (parameters gi min, £k
and Cy g, are equal for any k). Notice that the analysis of
the average number of a relay’s (re)transmissions is similar to
that of the source and omitted here due to space limitations.

A. Solving Problem (1)

The optimization problem (1) provides the bid p; =
fi(qk,min) of relay Rg. To elaborate, we start with the ex-
pressions for the reliabilities py and ¢, of relay Ry. These are
defined as the probability of successful transmission, given the
current information (3) available at Ry:

pr = Pr {C’o,s < CS,kaS,k}
qr = Pr {CO,R < CR,kas,k} ,

where C's i, and Cr j; are the rates achievable by Ry, during the
subslots of duration oy, and 1 — ay,, respectively (we assume
that "Gaussian codebooks" are used):

(4a)
(4b)

Eia,
CS,k: = Qy 10g2 <1 + “U%S,kﬁ%) (5a)
Ej, — Ey;
Cri = (1 — ay)log, <1 + |hRs7k|2k1_—Ofd’k) . (5b)

Applying constraint g, = g min of (1) to (4b) and (5b), we
have:

(1= ) (200 /o) )
min — p h ’ 2
. r{| RSkl > Ei — Epiak

(1= ar) (2%0m/072) 1) |phps,il®
=1- FX2 5 : ,
o5k (Ek — Ebidk)

g .?%S,k-
(6)

where F> {x, u} is the cumulative distribution function (cdf)
of the noncentral chi-square distribution with two degrees
of freedom and noncentrality parameter p, taken at value
x. We thus obtain from (6) the following relation between

optimization parameters «y and FEp;q in (1) that satisfy
dk = 4k, min-:

(1 — ay,) (2C0m/(Amar) 1)

Ebia,i (k) = By, — " - - 5 ’

s ity {1 — qk,min; |PhRS,k|2/0R5,k}
0<ar <1, 0<Epgr < Ey, (7

where F;zl{x,u} is the inverse of the cdf of the non-

central chi-square distribution with two degrees of free-
dom and noncentrality parameter p, taken at value z, i.e.,
FX_21{FX2{I" :U“}hu’} =z

Similarly to (6), exploiting (4a) and (5a), the source relia-
bility pg, which is the objective function in (1), becomes:

ak (QCO,S/D% _ 1)
=Pr<i|h 2>
Ph {' rskl” 2 Eyiax (o)

o (250517 1) g
= 1 —_— FX2 0_2 E - ( ) 5 D) 5
RS, kLbid,k\ Ok ORS,k

@®)

where the relation Ey;q (v ) is given by (7). We can conclude
that the optimization problem (1) boils down to the following
one-dimensional problem for the determination of the time
fraction:

* o (551 1)
af = arg max
k 0<ar<l 0hg  Ehid k()

)
and the bidding value pj submitted to the source becomes:

* 2C07S/az -1 7 2
a; ( ) |phrs.kl } (10)

2 ' T3
s i Evia k(=) kg

p:?:l_FX2{

The above process, concluded with (10), describes the map-
ping of the kth relay’s minimum reliability, gx min, to the
auction bid pj, pi = fr(gkmin) (notice that gx min is not
shown explicitly in (10), but is an argument of Ep;q (o)
from (7)).

B. Solving Problem (2)

The outcome of the auction in terms of the reliability
achieved by the source can be written as

ﬁ = Inax {pmim max p}t} )
k#arg maxy, pj,
where k = 1,..,n and pp,i, stands for the reliability achieved
by source alone:

Pmin = Pr {Co,s < C’slhs}
g, b2 -1 |phs|?

2

X oiEs = o% ’
where Cs = log,(1 + |hg|*Es) is the rate achievable on the
channel between the source and the access point.

Assuming that the auction resulted in a relay’s access and
that Ry is the auction winner, i.e., k = arg maxy, pj, and pz >

Pmin, the second best offer that R; needs to provide to the
source is Py = p, where p is given in (11). To map this price

(11)

(12)

—1-




to the achievable reliability for its own transmission gy, R;,
needs to perform optimization (2). As indicated in Sec. III-
A, this optimization problem is identical to (1) (namely, the
parameters «j, and Ey;q, and the constraint i min in (1) are
substituted by 1 —ay, By, — By, Iy and p;, in (2), respectively)
and the analysis in Sec. IV-A can be used for this task.

C. Average Number of Transmission Slots (Source)

In order to ease analysis of the average number of trans-
mission slots required for successful decoding of the source
message at the AP, in this subsection we assume relays
with identical parameters gy min, £ and Cp g,. With this
assumption, it is justified to consider the number of relays
participating in auction instead of considering the particular
relays, and exploit the Markovian structure of the source mes-
sage transmission process depicted in Fig. 3. There are K + 2
states, with state Ao i standing for the original transmission of
the source, state .4y denoting the retransmission of the source
when no relays decoded its message, while states A,, n =
1,., K, stand for the retransmissions when n relays decoded
the source message and participate in the auction. We recall
that we are assuming memoryless ARQ (i.e., Type I) and that
relaying users attempt to decode only original transmission and
further retransmissions by the source (i.e., in states App and
Ap) so that the same n relays bid in all retransmissions of a
given packet. It is easy to see that, apart from degenerate cases,
the chain is irreducible and aperiodic and, thus, has a steady-
state distribution. The steady-state probabilities for the states
Aor and A,, n = 0,1,.., K,are denoted as mor and m,,
respectively. For the transition probabilities, we use notation
Pé") for the average probability of successful (re)transmission
(average reliability) when n relays participate in auction, and
notation Pc(l") for the probability that n relays decoded the
source transmission and are eligible to participate in auction.

The average number of transmissions for the source, F[Ts],
is the expected return time for the state .Appr, which is given

by:
E[Ts]:l/’/TOR. (13)

To determine 7wog, let us write the system of equilibrium
equations for Markov process in Fig. 3:

K
1= ano Tp + TOR (14)
o = (mor +mo)(1 — PP
7n = (or +m0)(1 — PP + 7, (1 — PYY),
for n =1, .., K. This set is easily solved for mpg as:
1-(1- PP
TOR = ( s )E (15)

- PO P“'”/Pé”)
Thus, to find E[Ts], we need to solve for P ) and P, (m),

1) Calculation of P ™). The probability that n out of K

relays decoded the source message, PIE ), can be conveniently

represented through binomial distribution:

K —n
P,E’n) = <’I’L> (Pdec)n (1 - Pdec)K )

1+ (1

(16)

(lfPS'O))P;”

(1=P")E
(- Ps(o))[;(o)

=R

_ p(K)
1-P, (I_Rs(O))PJ‘K)

(1-R")R

Fig. 3. Markov process for the source message transmission.

where Py is the probability of successful decoding at a relay,
i.e., the probability that the achievable rate between the source
and a relay, Cspr = logy(1 + |hsri|*Es), for any k =
1,.., K, is large enough to accommodate the transmission rate
Co,s used by the source:

1> .17

gsrEs

200,5
Pjee =Pr{Co s < Cgri} =exp (—

where we used the fact that |hsg k|?/gsr is an exponentially
distributed variable with rate parameter A = 1.

2) Calculation of Pé"): The probability Péo) is the average
reliability of the source transmission, and can be obtained
by averaging (numerically) (12) over the distribution of ||,
which is Rayleigh:

7 (|ps|) = 21hs|/gs - exp (~lhsl?/gs) . (18)

Forn =1,2,.., K we instead average (numerically) (11) over
both the dlStrlbuthH of |hs| (as in (18)) and |hrsk|, k =
1,..,n, with

f ()ﬁRs,kD = 2|hrs.k|/gRs - exp (_|BRS,k|2/gRS) . (19)

V. NUMERICAL RESULTS

Parameters employed throughout this section are: Ny = 1,
Es =FE; =1, Cys = Cor, =1 [bit/s/THz] and i min = 0
(i.e., the relaying users transmit on a best-effort basis), for
any k =1, .., K. Fig. 4 focuses on a single relay to show the
results of the optimization process (1), i.e., the mapping p;, =
f1(qr,min), for grg = 7dB and |ﬁRS| = 1,3, with different
values of correlation parameter p. As expected, smaller values
of gi min enable the relay to use larger E{jid’k and oj (not
shown here) and therefore to bid with larger p;. Notice that
for p — 0, the channel |fL Rrs| is not relevant as the distribution
of the actual channel (recall Sec. I1I-B) remains Rayleigh. For
p — 1, on the contrary, there is no uncertainty on whether
or not the relay can support its transmission and source’s
retransmission, and the bid becomes p; = 0 or p; = 1,
depending on the value of |hgg|. To support the source with
large probabilities pj, it is clearly beneficial to maintain large
|iL Rs,k| with a relatively large correlation parameter p.

Fig. 5 shows the average number of transmission slots
for the source E[Ts] (equation (13)) and the relay E[Tg|



(applying analysis similar as in Sec. IV-C, not shown here)
versus the placement of the relays d, for g¢ = —7dB (S-
AP link in deep shadowing), g¢min = 0 and K = 1, 2, 4,
8. A simple geometrical model is considered, with relays
positioned at approximately the same normalized distance
0 < d < 1 from the source and 1 — d from the access point;
applying a path loss model (shadowing is not considered),
the average channel power gains read gspg = gsd~ " and
9grs = gs(1 —d)~7, where v = 3 is the path loss exponent.
The figure shows that there is a significant source performance
increase due to the slot auction. For example, the average
number of transmissions can be reduced more than five times
here (from E[Ts] ~ 17 with K =1 or K =0, to E[Ts] ~ 3
with K = 8). Notice that if only one relay participates in
the auction (n = 1), there is no benefit for the source as its
reserve price would be at the same time the auction outcome,
P = pPmin- The benefits for the relaying users! are also
meaningful, as they can maintain transmission with E[Tg| ~ 2
(when K = 1). With larger K2, performance of each relaying
node decreases as the competition is, clearly, beneficial only
for the source. Notice that if the relays are placed far away
from the access point, d — 0, so that the channels gains hrg i
are relatively small, or far away from the source, d — 1, so
that they can hardly decode its message, the auction benefit
for the source is reduced. A similar conclusion holds for the
relays, although for d — 1 they can still achieve a relatively
good performance (due to the strong channel towards the AP).
In particular, notice that the placement d where the best source
or relay performance is achieved (i.e., where FE[Ts] or E[TEg]
is minimized) increases with the number of relays K. This
is the consequence of multiuser diversity, i.c., the fact that
with the increase of K, the probability that at least one of
the relays will decode (recall Sec. IV-C.1) also increases,
providing it with an opportunity of exploiting large channel
|hpg | for transmission. We note that the similar behavior
was also observed in [8].

VI. CONCLUDING REMARKS

In this work, we have proposed and studied an auction-
based mechanism that leverages cooperative ARQ to oppor-
tunistically re-assign retransmission slots and exploits spec-
trum leasing to incentivize cooperation. The scheme can be
conversely seen as a promising solution for the implementation
of property-rights cognitive radio networks. In fact, dynamic
and opportunistic spectrum access can be obtained via only
local interactions at the physical and medium access layer.
Numerical results reveal that, with the proposed model, the
relaying (secondary) users can achieve excellent performance,
while significantly improving performance of the original
source (primary) node.

'Notice that, unlike for the source, the number of relay’s transmission slots
accounts also for the slots when not transmitting at all, either due to the
successfully delivered source message, unsuccessful decoding at the relay, or
not making the best offer.

2E[Tg] is a per-user delay. If per-(relaying) network delay was considered,
curves E[TR] would simply scale down with factor K.

=il Gmin)

*

Py
-
=
;

9 k,min

Fig. 4. Optimization (1): mapping p; = fr(qk,min) for ‘BSPJ@‘ =13
and varying values of correlation parameter p, for gsp = 7 dB.
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Fig. 5. Expected number of transmissions versus the placement of the
relaying users d, for the source and a relay, E[T’s] (13) (upper figure) and
E[TRg] (lower figure), respectively (gs = —7dB, gmin = 0, K = 1,2,4,38).
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