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Abstract—In this paper, we study medium access control  To facilitate cooperative communications, we need to ad-
(MAC) protocol design for distributed cooperative wireless net- dress two issues: 1) when to cooperate; and 2) whom to coop-
works. We focus on beneficial node cooperation by addressing o416 \ith, if cooperation is beneficial. These two fundataen

two fundamental issues of cooperative communications, namely issues have been researched extensivelv from an informatio
when to cooperate and whom to cooperate with, from a cross- ISSu Vv X Ively ' :

layer protocol design perspective. In the protocol design, takg theoretic perspective [4]-[9]. In [4], an opportunisticcdde-
account of protocol overhead we explore a concept of cooperah  and-forward (DF) cooperation approach is proposed to im-
region, whereby beneficial cooperative transmissions can be iden prove both system capacity and outage performance. Inif5], a
tified. We show that a rate allocation in the cooperation region opportunistic amplify-and-forward (AF) cooperation apach

provides higher link utilization than in a non-cooperation region. . d to i bit te (BER f
To increase network throughput, we propose an optimal grouping is proposed to improve bit-error-rate ( ) performance.

strategy for efficient helper node selection, and devise a greedy However, helper selection is not addressed in [4,5]. On the
algorithm for MAC protocol refinement. Analysis of a successful other hand, there is a rich body of research work on helper
transmission probability with cooperative or direct transmission  selection schemes in the literature, aiming at improving ou
is presented. Simulation results show that the proposed approach age/diversity performance (e.g., [6,7]) and/or incregssys-

can effectively exploit beneficial cooperation, thereby improving .
system performance. Further, analytical and simulation results tem throughput (e.g., [7,8]). Nonetheless, the issue dbpm

shed some light on the tradeoff between multi-user diversity gain Overhead is mostly ignored. In a distributed wireless netwo
at the physical layer and the helper contention overhead at the to select the best helper node or a group of good helper

MAC layer. nodes, message exchange among a source node, a destinatior
Index Terms—Cooperative communications, medium access Node, and a set of potential helper nodes is necessary.tBespi
control, beneficial node cooperation, cooperation region. the fact revealed in [9] that the average channel capacity
of the selection cooperation increases with the number of
|. INTRODUCTION the potential helper nodes, it is not clear to what extent the

N wireless communications, multiple-input and mu|tip|e§ooperation gain at the physical layer can be outweighed by

output (MIMO) technology is effective to meet the ChalIhe signaling overhead from the higher layers. Thus, for a

lenges of limited radio spectrum and to mitigate chann8Stributed cooperative network, cross-layer protocasigie

impairments. However, deploying multiple antennas on d|smgo_||1_5|d_er|ng the Erachc:;tl aspect of fS|gnaI|ng overheadtas. v .
mobile node poses hardware difficulty. Cooperative commu- 0 improve the performance of a cooperative network,

nications utilizing the antennas on neighbor nodes proaideapplying cross-layer optimization is found to be useful}t10

viable alternative [2,3]. The basic idea of cooperative com-ol- '? [10], W'tl? fan elrlnpha_5|s on fawnes:; assurance, eseros
munications is that, by utilizing the broadcasting natufe (2Yer framework for allocating energy and transmissionetim
wireless transmissions, some nodes can act as helpers (FB10N9 nodes effeﬁtwely extends network I|-fet|me..A|m|ng|1 a
relay nodes) to help deliver the information from a sourd@NiMizing networ poI\I/ver consumption, joint routing, rela
node to a destination node. Thus, cooperation enhances ﬁﬁ[gctlon, apd power a Olcatlon <I':1re str]udlgd in [;1]. ngmg
communications reliability and/or increases the bandwidt” C(_)operatlon, a cross-layer algorithm IS devised in [1P] t
efficiency, but without the requirement of additional amas Maximize the throughput of network coding-based broadcast
at each node The concept of effective bandwidth is employed in [13] to
' study the impact of cooperation on buffer occupancy. Howeve
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the DF mode of cooperation. It is observed that throughp®) by improving the efficiency of link utilization when an
performance of a cooperative network can be poorer thantual packet transmission takes place (i.e., by contplihe
that of a non-cooperative network. Coop-MAC [16] and rDCBignaling overhead and increasing transmission data. fate)
[17] enable relay-based two-hop transmission to mitighte tthis work, we focus on the second approach. As the channel
throughput bottleneck caused by low-data-rate nodes. Withreserved for a node that has won the channel contention, it
joint routing, MAC, and cooperative transmission design, v is rational for the node to send its data packets at a maximum
tual multiple-input single-output (VMISO) [18] can imprev transmit power level for a maximal rate. For simplicity, we
network throughput by reducing the number of transmissi@ssume all nodes in the network have the same power con-
hops. To enhance the multi-rate capability of IEEE 802.1straint. We define the link utilization as the effective mmad
protocols, a cooperative relay-based auto-rate MAC podtec transmission rate (EPTR), taking account of the MAC layer
proposed in [19]. However, beneficial cooperation congider protocol overhead. LeWW, Tp, and Tp denote the payload
signaling overhead is not addressed in [16]-[19]. To fed®# length of a data packet, the times needed to transmit the
optimal helper selection, busy tone-aided MAC can be emayload and overhead of the packet, respectively. The EPTR
ployed [20,21], whereby the problem of signaling overhead given by W/(Tp + Tp). To improve link utilization, we
can be mitigated. should decreas&, and T, by exploring effective signaling

In this research, we address issues of node cooperatamerhead control at the MAC layer and advanced transmission
in a fully-connected wireless network, from a cross-laydechniques at the physical layer, respectively.
protocol design perspective. Our goal is to devise an effficie
and effective MAC protocol that can exploit beneficial nodB. Physical Layer Preliminaries
cooperation. To this end, we emphasize the impact of a link-To simplify the throughput comparison between a coopera-
layer protocol on the efficiency of conveying informationive network and a non-cooperative network, we assume that,
among nodes at the physical layer by integrating signalimg each cooperation opportunity occurred in the coopegativ
overhead control with the protocol design. The main contmetwork, the source employs the helper(s) to transmit the
butions and significance of this paper are three-fold: Firflame information bits as those without cooperation in the no
considering the MAC layer overhead, we propose a crosssoperative network. Further, nodes in both networks dpera
layer cooperative MAC protocol that can distinguish beraffic in half-duplex mode. Consider repetition-basselection co-
cooperation from unnecessary cooperation. Effective drelpperation [9], where a two-timeslot cooperative transiniss
selection is integrated into the MAC protocol to achievadopted. Focusing on the data rates in transmission, wé deta
and increase cooperation gain, based on optimal groupingtieé cooperation scheme as follows. In timeslot 1, the source
helpers; Second, different from [22], we introduce a cohoép broadcasts its packet to the optimal hefpand the destination
cooperation region (CR) in the MAC-layer design, to identify with a transmission rateR¢; € R = {ry,72,...,ro}, where
beneficial cooperative rate allocations that offer highde Uiti- R is the rate set supported by applying adaptive modulation
lization than the direct transmission; Third, the probéibs of and coding at the physical layer, amg < r; if i < j. In
successful cooperation and direct transmission in the oré&tw timeslot 2, the optimal helper forwards the received infarm
with our cooperative MAC protocol are derived. Simulatiotion bits cooperatively with the source to the destinatigith a
results verify the accuracy of the analysis, and show that tlransmission rateR-, € R. Cooperation built on distributed
proposed approach with beneficial cooperation outperfdisns space-time coding (e.g., [26]) or interleaver (e.g., [2d3n
non-cooperative counterpart in terms of throughput andydelfacilitate the transmission in timeslot 2. Here, the twaesat
performance. It is shown that there is a performance trdde®f-, and Rc., are chosen such that they are the maximal
between multi-user diversity gain and MAC-layer overheattes for the optimal helper and the destination to sucolgsf

due to helper contention. decode the data in timeslots 1 and 2, respectively. As one
way to support a high data rate, the destination can colhect t
Il. PRELIMINARY AND PROBLEM FORMULATION signal power from the source and the helper during the two

A MAC L Preliminari timeslots, whereby according to the modulation and coding

: ayer Freliminaries schemes a reception with packet combining at the modulation

Consider a single-channel fully-connected wireless nekwolevel (e.g., diversity combining [2]) or the coding levelde
supporting best effort service, where each node can be aesouate-compatible punctured convolutional (RCPC) codingeul
(S), a destination ), or a helper f). Here, we base our modified Chase combining [28], random binning [29]) can be
cooperative MAC on the IEEE 802.11 distributed coordimatiofacilitated® Notice that, if the destination only collects the
function (DCF) [23]. The legacy standard uses carrier sensignal power from the helper node, the relaying scheme is
multiple access with collision avoidance (CSMA/CA). Thussimplified to a pure multi-hop transmission.
only one transmission pair in the network can be active after INotice that coded fon [3] be intearated int |

H H otice that coded cooperation can be Integrated Into ayass-layer
successful channel Comentl,on' In general, to mcreambt . MAC protocol design. However, in this work, we base the MAGtpcol on
throughput, there are two viable approaches: 1) by impmVikepetition-based cooperative techniques.
the efficiency of channel access when the nodes contendThe optimal helper is defined as the one helping the sourdindtsn
with each other before data transmission (e.g., contgplire pair achieve the largest EPTR (to be selected before thetdatamission)
.. - . N among all the helper candidates.

collision pI’Oba..blllty by adaptlng the D;F backoff paramste SRelated to non-repetition-based cooperation, other tgaks such as
[24] or enabling channel-aware medium access [25]), asgberposition coding [30] can also facilitate packet corimigin



IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS (ACCEPTED) 3

To model a successful packet reception, given a packetOn the other hand, when a cooperation opportunity arises
length for each transmission rate M, there is a minimum (i.e., the CR is non-empty), the source and the destination
signal-to-noise-ratio (SNR) above which the packet can ffiest ascertain whether there exists a helper such that a co-
decoded successfully at a receiver. In this work, we assumgerative transmission is feasible. To locate such a helper
that, the channels among the nodes change slowly such tieany, we make use of a helper indication (HI) signal. If
the channel coefficient remains constant for the whole @urat no HI signal is detected shortly after an RTS/CTS exchange,
of one data packet transmission, which can be justified ind&rect transmission is triggered. If an HI signal is detdcte
low or moderate-mobility scenario. a cooperative transmission can be initiated (to be discl)sse
Since the helpers (rather than the source or the destifation
initiate node cooperation, we refer to it as helper-ingtihat

. cooperation. Compared to a source or destination-indiate
We address the research problems on beneficial COOperaEBBperation (e.g., [7]), helper-initiated cooperatioprieferred

from a cross-layer MAC protocol design perspective. In thig 5 gistributed wireless system. The rationale is that, ue
research, we do not consider selfish nodes. Aiming at iflje RTS/CTS exchange, any potential helper has already been
creasing link utilization via strategically activatingagerative ,,.2re of the channel condition between itself and the source

transmission, we consider the link utilization in a coopigea (destination) after it overheard the RTS (CTS) packet.
network, which is enhanced if any direct transmission in the 14 f5cilitate helper selection, the information on payload

n_etwor_k with a low EPTR is replaced by _cooperative transmi%-ngth and channel state of the source-destinat®B)(link

sion with a higher EPTR. Furthermore, if such a replacémefistimated by the destination) can be broadcast in the R@S an
occurs, the helper that supports the highest EPTR is emloyerg packets, respectively. Therefore, every neighbor cade

in the cooperation. LeR, (in R) denote the transmission ratey,y collect the channel state information (CSI) to estia

of direct transmission from the source to the destinatidne® cooperative rate allocation, thereby evaluating its makim
a specific cooperative MAC protocol design (with knowry,,nortable EPTR. However, to reduce overhead in helper
signaling overhead) and payload length the CR |53def|ned selection, there is no information exchange among those po-
as a set of rate triple; := {(Ri, Rc1, Re2)} © R”, SUCh taniia) helpers. That is, a potential helper has no instetas
that the EPTR with cooperation is always larger than thals| of the channels between other potential helpers and
without cooperation. Thus, for a specific payload length, @e source (destination). Thus, a challenge of helpeiateit
non-empty CR means beneficial cooperation exists. Utlizingoperation is how to effectively and efficiently select the
the concept of CR, we can formulate the research problemimm helper based on local CSI in a distributed way. To
on beneficial cooperation in cross-layer MAC protocol desigyqe this problem, we propose the following group-based
as follows. backoff mechanism.

« When to cooperate: Find the CR with the maximum  Define a composite cooperative transmission rate (CCTR),
link utilization improvement and achieve it via cooperag,,, to denote the payload transmission rate from the source
tive MAC. to the destination. With repetition-based two-timeslobper-

« Whom to cooperate with: Given a group of helper caration, it can be calculated d&, = W/(W/Rc1+W/Rcs) =
didates which can support a rate in the CR, identify thR, R /(Rc1 + Reo2). When competing for the optimal
optimal helper which achieves the maximum EPTR withelper, the helper candidates will be organized according t

C. Problem Formulation

cooperation in a distributed way. their supportable CCTRs. Given payload lengjthand direct
transmission rateR;, let M denote the number of CCTRs
[1l. CROSSLAYER MAC PROTOCOLDESIGN generated from the non-empty CR (to be determined in Section

We propose a novel cross-layer cooperative MAC protocé”'c)' and each of them labeled by; (i), i = 1,2, ..., M. To

The study consists of three phases: 1) initial protocol getJacilitate helper selection, we sort thekerates in descending
where we devise the signaling exchange and helper selectiBffi€" (e Ry(i) > Rj(j), if i < j) and partition them

and identify tunable MAC protocol parameters; 2) analysis §'1©, G 9roups, each one witl, (> 1) members, where
payload and overhead transmission times; and 3) cooperatiag—1 "¢ = M. Here,M, G, andn, are protocol parameters

region determination and protocol parameter setting. to be optimized. Note that, reflected in the value fof(i),
different groups have different channel access prioritasd

o different members in the same group also have different
A. Initial Protocol Setup channel access priorities.

Fig. 1 depicts the signaling and data packet transmissionTo reduce overhead in helper selection, we propose both
of our proposed cooperative MAC protocol. After a randonmter-group contention and intra-group contention. Inititer-
backoff, a source node establishes a communication ligkoup contention, a helper candidate in @& group waits
with its destination via the request-to-send (RTS)/cteasend for a period of time,Ty;1(g), before sending out its group
(CTS) handshake. If the CR is empty (i.e., cooperation is niodication (Gl) signal, if it overhears no Gl from any higher
beneficial), after receiving a CTS packet and waiting for ite group, wherél's,1(g) = (9 — 1) - tp, 1 < g < G,
short interframe space (SIFS), the source sends its daketpaandty, is referred to as the backoff slot time. Thus, only the
to the destination directly, according to the IEEE 802.11FDCmembers of the highest rate group will keep contending. Then
[23]. in the intra-group contention, if a helper candidate (witbup
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The rate allocation (Rcy, Rc») here depends on the
channel condition of source-destination, source-
helper and helper-destination channels.

NAV RTS Data Data

Random
Backoff
SIFS

Source

Destination CTS ACK

SIFS
SIFS
[SIFS

Q
£

—

SIES
o
=
o

SIFS

—H RTH

C Intra-grou,
contention ———— Bmy conte%ltiorﬁ)
Other H Medium

hel.per NAV NAV e
candidates (RTS) max(MI) (RTH)

Inter-group P

It
Optimal NAV Il
helper (RTS)
>
P4
Il

NAV Busy
HI) Medium

NAV NAV NAV
(RTS) max(GI+MI) (RTH)

Non-helper

Fig. 1. An illustration of the proposed cooperative MAC [oregl.

indexg and member index:) overhears no member indication

(MI) signal, it sends out its MI signal aftefs2(g,m) = Source
(m—1)-ts, 1 <m < ng. Thus, the helper that supports the i L
highestR);, can be elected in a distributed manner, which also _ RTH
assures that the EPTR of the selected helper is larger tlaan th i;l;‘e‘ief
of any other nodes failed in the helper contention. To feat#i MI |
a distributed yet effective helper selection, on one hahd, t Collided RTH
backoff slot time should not be smaller than the durationmgf a helper 2 I
indication signal (i.e., the HI, GI, and MI signals). Dendg K minislots
t;, the duration of any indication signal. It can be found that,

typ =t > max{27yp} is a sufficient condition to assure @iy 2. Solution to RTH packet collision by contention overminisiots.
asynchronized yet collision-free helper contention, veherp
is the propagation delay of a helper-destinatidrl¥) channel.
On the other hand, with the proposed helper selection methaigered immediately, taking account of signaling oveiwhe
it is vital that all helper candidates share the same graupiand throughput performance.
structure with respect to the CR for the curr&iD pair. We In summary, the proposed MAC protocol facilitates bene-
are to address the issue in determining the CR in Sectidd.llIficial cooperation based on the CR and CSI obtained from
After the contention, the optimal helper sends out a ready-the RTS/CTS signaling, and elects the instantaneous olptima
help (RTH) packet with rate setting to the source to initiate helper in a distributed manner via the inter-group and intra
cooperative transmission (see Fig. 1). group contention. However, to maximize the link utilizatio
in each data packet transmission and thus improve network

In the case of multiple optimal helpers where two or MOMroughput, we need to determine the CR and to optimize

RTH packets collide, we employ a simple strategy that lejfe protocol parameters, based on the analysis of paylodd an

collided helper candidates re-contend once. Given suchp@erhead transmission times discussed in the following.
collision, the collided helper candidates can be aware of it

by using a timer{y) for checking the transmission from the i o

source. When the collision is detected, they resend their R An@lysis of Payload and Overhead Transmission Times

packets in a randomly selected minislot frakhminislots, as ~ We analyze the transmission times of the payload and the
shown in Fig. 2. The probability of RTH packet re-collisiomoverhead of our MAC protocol in each of the following five
depends on the number of minislots and the number of collidedses.

nodes. Obviously, a largef gives a smaller re-collision Casel: Once a source node receives a CTS packet, it sends a
chance, but induces more overhead in the channel time. Tdata packet to its destination directly without cooperatibhe
value of K should be carefully determined, to be discussquhyload and overhead transmission times Bres = W /R,

in Section IlI-C. If a re-contention fails, direct transsisn is and 710 = Trrs + Ters + ITp,o + Tack + 3Lsirs

Data

A

adll

H

SIFS +
SIFS

SIFS
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respectively, wher@'gzrs, Tors, Tack, andTs g are time payload lengthV and direct transmission rat@; (i.e., more
durations for the RTS, CTS, ACK packet transmission armboperative rate allocations are feasible to provide beiaéfi
SIFS interval, respectively, arifl, o is the transmission time cooperation). On the other hand, an enlarged CR changes
of packet header in a data packet. the overhead to elect the instantaneous optimal helpes Thi
Case |I: Cooperative transmission is set to be triggered, birterdependence of the MAC layer and the physical layergose
no HI signal is detected after an RTS/CTS exchange. Thaschallenge to find the CR and imposes a requirement to define
direct transmission is eventually employed. The payload aan optimal CR for the maximum link utilization improvement.

overhead transmission times are therefore giverlpy = Define the optimal CR as the one achieving the maximal
T, p andTs o = T1,0 + Try respectively, wherd'y; is the average EPTR. Under the constraint that only local CSI is
time duration of HI signal. available at each potential helper, when contending for the

Case lll: When detecting an HI signal from neighbors, theptimal helper, each candidate assumes that all useful GCTR
source and the destination wait for the contention sigrias ( are available with the same probability. Thus, the optimal C
the Gl and MI signals) and the RTH packet from the optimdbr anS-D pair can be defined as the solution of the following
helper. In the case of a single best helper, there is no RTgtimization problem (OP):
collision. Thus, the payload and overhead transmissioegim

are respectively given b¥s p = W/Rc1 +W/Rca = W/ Ry, G ny

andT3,0(g,m) = To,0+Tyo1(9) +Tar+Trp2(g, m)+Tar + max L= Z Z Jgm(n)/M (3a)
Tc, whereTo = Trry + 2Tsirs + Tp,o, andTrry, Tar g=1m=1

and Ty, are time durations of the packet, RTH, the GI and s.t. Jgm(n) > pW /(T1,p + T1.0) (3b)
MI signals, respectively. 1<g<G (3¢)

Case 1V: When collision happens in the intra-group con-

tention, it is possible to mitigate the problem by utilizitige 1=G=M (30)
minislot re-contention. Compared to Case I, a successful 1<m<ng (3e)
contention activates the helper-based transmission, eminer G _

s > ng=M (3f)
payload transmission timé, p equals tol3 p; however, the g=1
overhead transmission time for selecting #fé minislot, is 1<k < Kym, Kgm =2 (39)

increased tCT4,o(g, m, k) = Tg,o(g, m) +Trra +Ts1Frs +
Tq+k-ts. Given K minislots, the probability that one of the W
n re-contending helpers wins the contention by selecting the Ts,p(Ro1,Ro2)+ 15,0 (g,m) n=1

where

k" minislot is Ko WPy (n,k)
Fe_mn—1 Jgm(n) = z Tu,p(Rc1,Rc2)+T4,0(9,m k) n>9
p (n k) _ %’ k= 1,2,...,K—1 (1) k=1 W-Py(n,k) -
Wy , k=K. + Ts,P(R1)+T5,O(97m7k):| ’

Case V: If a re-transmission of an RTH packet fails, a sourcé the EPTR when a single optimal helper supports a CCTR
node initiates direct transmission. Thus, the payloadstras- With group idg and member idn, or the average EPTR when
sion timeT » equals tdl}_p, while the overhead transmissiory collided optimal helpers supporting this same rate re ewuht
time is increased t@% o (g, m, k) = To.0 + T (9) + Tar +  OVer Kgm minislots; Kom is referreq to as the minislot
Tro2(g,m) + Toarr + 2Trrn +2Ts s + Ta+ k-t . Givenn numberfpr re-cont_ennon when the c_olhded helpers suppert
helpers re-contending in th& minislots, the probability that CCTR with group idg and member idn; p > 1 is a control

re-contention fails due to more than one helper selectieg tharameter to balance cooperation and non-cooperation. A
kth minislot is smaller value ofp encourages more cooperation opportunities.

n , The objective function given in (3a) is to maximize the
S (s (B k=1, K1 average EPTR provided by the CR. Inequality (3b) ensures
11:/K" b — K that the link utilization of cooperation with rates in the @R
’ ' larger than that of direct transmission. Constraints ir) 8wl

(3d) specify the range of group id)(and the range of group
. ) o number (). Inequalities (3e) and (3f) describe the constraints
C. Cooperation Region Determination and Protocol Parame- oy the member idsf) of each group and the total member
ter Setting number of all groups. Inequality (3g) gives the constraoris

It is interesting to note that the signaling overhead cdntrminislot number £, ,,,). Further, the size of the set, CR, is
at the MAC layer and the cooperative rate allocation at thiescribed by the variabl®/. The optimization variables in (3)
physical layer are dependent when deciding the CR. The EP&R the protocol parameters and cooperative rate allogatio
with cooperation is affected by the overhead of the cooperat (M, G, {ng}ngl, {Kimbme1s Ko m ity s {AKGmnlq)
MAC that a helper candidate needs to successfully conteadd (Rci1,Rc2), and the system parameters are
for the optimal helper. On one hand, helper selection wiltR, p, R1,W,n). Since the OP characterized by (3a)-
properly controlled overhead decreaSgs thus increasing the (3g) is a hon-convex non-concave integer OP, some common
EPTR when utilizing a specific cooperative rate allocatind,a techniques to solve such an OP include iterated local sesrch
more importantly, enlarging the feasible region for a sfi@ci [31] and genetic algorithms [32]. However, using such

Pf(n, k) =

)
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techniques, the relationship between the notion of CR and
corresponding physical/MAC protocol parameters cannot be
well understood and exploited. Instead, by exploring the
following relationship between the link utilization in the
network and the CR with the proposed MAC protocol, we
decompose the OP into two closely related subproblems.

Proposition 1: If the optimal helper selection is successful,
the probability of link utilization improvement by benefti
cooperation is non-decreasing when the CR expands, an
achieves the maximum when the CR is maximized.

-+ -Non-grouping
200k |/ & Uniform grouping ¢ = 2) .
—6— Optimal grouping /

150

100-

1
=

Total numbers of backoff slots

We prove Proposition 1 in Appendix A.

Proposition 2: The probability of failed helper selection 0
is impacted by the number of cooperative rate allocations
generating a unique CCTR, but not the size of the CR.

We omit the proof as it is similar to the one given ir]:ig. 3. A comparison of backoff slot number among non-groupimgform
Appendix A. grouping (withg = 2), and optimal grouping.

In light of the fact that an enlarged CR generally encourages
more beneficial cooperation opportunities in the long rua, Wrhen, we have
propose a two-phase decomposition method to determine the
CR and to set the protocol parameters. In Phase-1, dien

CM=(1—2)><n1+[(n1+1)—3}><n2+

and R, we aim to maximize the size of a CR without consid- group 1 group 2
ering contention collisions. In Phase-2, we decide thenugti G-1
protocol parameters from the feasible solutions genermted + (Z ni + 1) —(G+1)| xng ©)
Phase-1 to maximize the average EPTR with respect to the =1
CRs, taking account of possible contention collisions. e group G
i G=1T j
decomposed OPs in Phases 1 and 2 are _5 {Zj: n+1—(+ 2)] e —
Phase-1: j=1 li=1

where the members in group 1 take one more slot than the
non-grouping alternatives (due to one additional slot for t

Gl signal); however, each member in other groups can save
a significant number of backoff slots by utilizing grouping.
Fig. 3 compares the overhead among non-grouping, uniform
grouping (withg = 2 and|n; —ns| < 1), and optimal grouping

in terms of the total backoff slot number. We can see that, at

max M
st. Jgm(1) > pW/(Thp +T10), (4)
(3¢), (3d), (3e), and (3f)

Phase-2: an expense of computational complexity, the optimal gnogipi
effectively reduces overhead a9 increases. For instance,
G ng when M = 20, more than50% of backoff slots can be saved
max L= > Jgmn)/Mnax by the optimal grouping, as compared to the non-grouping
g=1m=1 o (5) one.

st. 1< G < Mpax, 29:1”9 = Mmnax, With optimal grouping, we propose a four-step greedy
(3b), (3¢), (3e), and (3g) algorithm to solve the OPs in (4) and (5) to determine the CR
and to set the protocol parameters. In step 1, without grmupi

) ) . . ) we search all feasible rate combinations, thus determittiag
where M,.x is the optimal solution obtained in Phase-1. 1,4 initial number of useful CCTRsM,. In step 2, with

the following, we propose an optimal grouping based greedyima| grouping, we do iterative search to check if more
algorithm to solve the OPs (4) and (5). CCTRs can be useful due to the decreased helper selection
Optimal Grouping: To reduce overhead in helper selectiowverhead, thus obtaining/,.... In step 3, after finding the
and thus enlarge a CR, we use a strategy named optirgedups with respect td\/,,.x with the largest backoff slot
grouping, i.e., grouping with optimal parameter settinge Whumber reduction, we sefG,ni,no,...,ng} according to
define the optimal grouping as the one reduces the largest

G Ng
number of total slots in helper contention from that withou € one maximizingl. = g; mZ: Jom(1)/Minax. In-step

1
. P . 4, if the number of collided helpers equals to 1, stop;
grouping. Suppose there exist = g; ng CCTRs in the CR. otherwise (i.e.,n > 2), for each CCTR in the CR, we set

For any G-group (n1,ns, ...,ng), compared to the strategyits minislot numberk, ,, according to the one maximizing
without grouping, letC; denote the the backoff slot numberJ, ., (n) while satisfying (3b) and (3g). In the first two steps,
reduction achieved by the proposed group contention methae solve the OP in (4). The iterative search is to minimize the
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overhead. The CR may increase as the overhead reduces.
last two steps are to address the OP in (5). We set the optir
protocol parameters from the feasible solutions geneffabea

optimal grouping. The proposed greedy algorithm is shown

Algorithm 1.

Algorithm 1: Optimal grouping based greedy algorithm

input

. rate setR, balance factop, direct transmission

rate R, payload lengti¥, number of collided
helpersn

OUtput C, Mmaxr G1 {ng}§:1’

{Kl,m}fnl:p {KQ,m ?n?:l? () {KG,m}:Ln/Gzl

1 Sl — {(x7y,z)|x,y S R,Z = $y/($ +y)}’
2 Sy — {(4,yir 2) (x4, Yi, 25) € S1,2i > ziyq fOri=

10
11
12
13

14
15

16
17

18

19

1,2,...

C0; t— pW/(T1,p+T10); Rci+ 215 Reoz < y1;
Ry« 21;

g—1lime1, i—0, My—0; Jgm(l)«—
W/(Ts5,p(Rc1, Rea) + T5,0(9, m));

5 while J, ., (1) > ¢ do

end

while J, .., (1) >t do

C—Cu {(Rl,ch,ch)}; i—i+1; My«
My +1;
while z; == R, do

Reoy « x5, Rea «+ iy C

cu {(Rl,R01,ch)}; 1 — 1+ 1;
end
m—m-+1, Rei < x5, Roa < yi; Rp — z;
Jg.m(1) = W/(T3.p(Rc1, Rez) + T3,0(9,m));

end
(G§ni,n3, ..., ng:) < arg

max
(Go,n1,n2,...,nG,)

Go —
2 921 ng=Mo

Chys

g—GEme—ng + 1 Jom(l) <
W/(T5,p(Rc1, Re2) + T3,0(g,m));

Mpax + Mo, {(G*’ns{7n§’ ’ngx)} —

arg

Cum

max

max !

(G>lfl1,fl2,~~~yflc)
526 M
(G7 ny,Na, ..., 'I’LG) —

G ng
arg max {2 2 Jgm(1)/Mmax};
(Gn1,na,...,ng)€ g=1m=1

{(G*atns,..nk )}
if n > 1 then

Itetd

20 for g — 1 to G do

21 for m — 1 to n, do

22 Kgm — arg Jg,,,,L(n)H;%}%g,mzz Tom(n)
23 end

24 end

25 end

In practice, the number of collided helperg fieeded in the

54/@ O-O --O0--0O----- o----- o - 4
! 1
48r@ o 0O n u] O
' O Cooperation region '
' @ Non-cooperation regign !
© 3¢@OO0 0O O u] o o
Q ' 1
é 1
8 1
o o
o o
1
o o
O- -4
—0

6 912 18 24 36
Rc1(Mbps)

48 54

Fig. 4. Cooperation region versus non-cooperation reg@nf = 1024
bytes,p = 1, and R; = 6 Mbps.

neighbor node can individually execute the proposed alyori
not only to check (for the currer&D pair) whether or not the
CR is empty and its CCTR is in the CR, but also to identify
the contention parameters for the optimal helper sele¢tien

the grouping structure) if the CR is not empty. Note that each
node can have priori information onp and R (thus being
aware of all potential cooperative rate allocations), heea
both can be pre-allocated. The algorithm generates id#ntic
grouping structure for every helper candidate.

Using the parameters of IEEE 802.11a [23], we evaluate
the greedy algorithm via simulation. Fig. 4 illustrates ago
eration region, the feasible rate allocation of thg,., useful
cooperative transmission rates obtained by the greedy algo
rithm, for W = 1024 bytes,p = 1, and R; = 6 Mbps. In the
simulation, for simplicity, similar to [6]f s, Ta1, Tar, Thr
andTy are set to be the symbol duration, and the RTH packet
to have the same size as the ACK padkit.general, we find
that the CR expands (shrinks) &5 decreases (increases). In
other words, if theS-D link can support a high rate, direct
transmission is preferred, as cooperative transmissioaldvo
incur extra signaling overhead, lowering the EPTR. Besides
as W increases, more helper selection overhead is allowed
to accommodate a cooperative transmission and more rate
allocations can be supported in the CR. However, to assure
a larger EPTR than the direct transmission, the overhead is
always upper-bounded, thus not all cooperative rate dltmta
are beneficial. Further, the following observations are enad
1) Given W and p, there exists a threshold for a direct
transmission rateR; (say r, (W, p)) such thatM,.x = 0
if Ry > rg,(W,p); 2) GivenW, if Ry < ryn(W, p), M,

max

increases as$t; decreases; 3) GiveR; < 7, (W, p), M,

max

is a non-decreasing function &f; 4) GivenW or Ry, M ax

algorithm can be estimated by letting the source observe théas we focus on the idea differentiating beneficial cooperatfrom

activities in its neighborhood (e.g., overhearing its héigrs’
transmissions) and broadcast the information in the Rf$0
packet. Then, with the same informationonk; andW, any

unnecessary cooperation at the MAC layer, here we simpléypticket length
tting. It should be noted that, a detailed approach ofjiateng the feedback
rmation into the control packets can change the simulatésults; but,
the main trend should remain the same.
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increases ap decreases. G, and [, the events that the maximal CCTR appearing in the
helper selection equals 85 ({) and the number of potential
IV. PROBABILITIES OF SUCCESSFULCOOPERATION AND  heélpers with the maximal CCTR is, then according to the
DIRECT TRANSMISSION proposed MAC protocol, we can characterize the scenario of

N the optimal helper selection b§; N G; N I,,. Whereby, taking
To evaluate the significance of network performance g count of the two cases of successful cooperation, nsicoili

via beneficial cooperation, we study and compare the prfj-iq intra-group contention (i.e., Case Ill in SectionBj
abilities of successful cooperation and direct transroissin and no collision in the minislot re-contention (i.e., Cayei

the network with the proposed MAC protocol. _ _Section 11-B), and applying the total probability theoravith
Let A denote the node set of potential helpers, includingqhet 1 the channel quality of the direct link, the maxima
all nodes in the network except the source natlend the CCTR appearing in the helper selection, and the number of the

destinatic_)n. nodeD; and D, € A d(—?‘note the node _Sup'helper nodes with this CCTR, we can determine the probgbilit
set consisting o useful helper candidates (i.e., cardmalr%f a successful cooperation as follows

|Dy| = ¢) for the transmission fromb to D. Specially, we

defineD, := {Dy, ¢ > 1} to represent any non-empty helper ) Mmax(“P B G 1

candidate set. Further, given a data packet transmissithn wi (Ee) = El El (Bi, Gi, 1)

W-bit payload, lety:, , denote the SNR threshold for a 9(W,p) Mimax (i) |A .

successful transmission with transmission rate= R. Then, + ; 121 2_32 Pe(n, Ki(i)) - P(Bi, Gi, In)

if the received SNR is i1, 4, Vin.q+1), 74 Should be adopted = = "= ®)

in transmission, wherg = 1,2, ..., Q andy;, g+1 = oo [33].

For a control packet, to guarantee a reliable delivery, only Yehi ~

the lowest transmission ratg is used. Definey,,  as the P(B;,Gy,1,) =/ P(Do, Gi, In |vsp =) * Prsp (7)d.
Yth,i—1

SNR threshold for any control packet in the MAC protocol. 9
As the length of a control packet is usually much shorter ©)
than that of a data packet, we assumgo < v:,1. For the K, (i)

transmission to the destination node in a cooperation mod®,(8), P.(n, Ki(i)) = > Pu(n,k) is the probability that
we consider DF based Alamouti-type distributed space-tigge of then re-contending helpers wins the helper contention
coding (e.g., [26]) and packet combining (€.g., [28]). Urithe  oyer the K, (i)-minislot re-contentionMi,.« (i) and K, (i) are
assumption of perfect synchronization and channel esbmat respectively referred to as the maximal number of CCTRs
the upper bound of the received SNR at the destination d§q the minislot number for thé" largest CCTR in the

Yo = 2ysp + yup [34]. In the following, with this upper cr when 4; happens. For presentation clarity, we derive
bound we evaluate the network performance. P(Do, Gy, I, |vsp = ) in (9) in Appendix B.

Let P(E,;) and P(E,) respectively denote the probability of
successful cooperation and that of direct transmissiomceSi
direct transmission happens only when control packets are

successfully exchanged and cooperation is inactive, we hav In this section, we evaluate the performance of the proposed
cooperative MAC and verify the theoretical analysis. The

P(E,) = /Oo Do (V)dy — P(E,) 7 tradeoff between multiuser diversity at the physical laged
Yen,0 e ) the contention overhead at the MAC layer is to be presented.
where the integral gives the probability of a successfil} the simulation, we adopt DF based distributed space-time

RTS/CTS handshake. In ()., (7) is the probability density c°%ing, setp = 1 and W' = 1024 bytes. Other parameters
function of vsp. Consider a Rayleigh fading environment&'€ set_ to_ be the same as in IEEE 802.11a 20MHz bandwidth
where for the channel between nodesnd j, p,,,(v) = transmission.
%67/7“, with 7,; := E{v} being the average received SNR
[35] Then, we can geP(Ed) — e~ Mtho/¥sD _ P(E() In A. Network Performance
the following, we deriveP(E.), then P(E,;) can be obtained we evaluate the performance of the proposed cooperative
from (7). MAC protocol versus node numbeéY, channel quality, and

As discussed in Section IlI-C, gively and p, cooperation network coverage area in terms of mean throughput and mean
is not beneficial when the direct transmission rRieis larger received packet delay. To unearth the impact of a fading
than or equal to a threshold, (W, p). Let v, 4(w,,) be the channel, we model the channel with joint log-distance path
SNR threshold for the data rate, (W, p), where g(W, p) loss and Rice fading where a larg&r-factor means a better
is the index ofry, (W, p) in R. Then, the proposed MAC channel condition. The path-loss exponent is set to be 3.8.
protocol will utilize cooperation only wher,, o < vsp < Nodes in the network are randomly deployed in a circular.area
Yeh,g(W,p)s Where ysp > o is to ensure a successfulTen traffic flows are simulated in the network, where packets
exchange of the control packets. Ldt denote the event in each traffic flow arrive according to a Poisson process with
V8D € [Vtni—1,Vh,i), fori=1,2,...,g(W, p), andB; denote mean rate 10 packets per second. We perform the simulations
the event that there exists at least one helper candidatelandor 30 runs and average the results, where each simulation ru
happens (i.e.B; = DyNA;). Further, if we respectively define sustains a network time of 50 seconds.

V. NUMERICAL RESULTS
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(a) K-factor= 0.

o 1 Mean throughput with 95% confidence interval Fig. 6. Mean delay versus network radius f&rfactor = 0.

—&— Non—cooperation\ = 20

A —=— CooperationN = 20 less than that in a network with less nodes. In general, the
Q6 - & = Non-cooperation\ = 40 number of helpers for a transmission pair increases as the
S A\~ CooperationN = 40 node number in the network increases. From an information-
é theoretic perspective, the more the helpers, the higheti-mul
=] user diversity, and hence the better the system performance
2 [9,36]. However, as observed in Fig. 5(b), the mean throughp
% of the cooperative system with 20 nodes is higher than that
2 with 40 nodes, when the network radius is small. In fact,

there are two factors determining the performance of the
proposed cooperative MAC protocol: 1) physical-layer fault
user diversity gain; and 2) MAC-layer contention overhdad.

Qe 100 125 150 175 200 general, the MAC-layer contention overhead increasestivith
Network radius (m) node number, which can outweigh the gain due to multi-user
(b) K-factor = 10. diversity, and decrease network throughput.

Fig. 6 shows that cooperative communication achieves bet-
ter delay performance than its counterpart, due to a higher
throughput with cooperative communications. Thus, thet-wai

. . . ing time (e.g., the backoff time before accessing and/or re-
Fig. 5 depicts the_relauo_n between the mean throughpé’fcessing the channel) for a node to transmit a packet is
and the network radius. It is observed that the performang;?

S . ortened. When the traffic load (i.e., the packet arrivad)rat
of each curve shown in Fig. 5(a) is upper-bounded by that f the network increases, the proposed MAC protocol is

i_ts corre_sponding curve .ShOW” in Fi_g. 5(b), due t0 a SUONGEH)| effective to improve the network performance, as the
line-of-sight component in propagation. Nonetheless,ribe cooperative MAC protocol improves the efficiency of link

work Wit.h bgneficial cooperation outperforms that Withouﬁtilization after a successful channel contention.

cooperation in terms of mean throughput. The throughput

improvement by beneficial cooperation is more significant in

a poorer channel condition. This phenomenon asserts our En-Transmission Probability

derstanding given in Section III-C that, if tf&D link cannot For the performance analysis, we perform simulations with

support a high data rate, its corresponding cooperatioomegthe same communication model used in [37]. We normalize

is large, fostering more cooperation opportunities (seg Fthe distance between the source and the destination fiee., t

4). Further, the performance gap between the cooperative aource and the destination are respectivelioad) and(1, 0)),

non-cooperative systems decreases as the network covermgd assume that the neighbor nodes are located between the

radius increases. Since the channel condition betweerag redource and the destination, on the straight line connecting

and a source (destination) generally weakens as the netwiiigm. We perform the simulations for 10 runs each viith

coverage radius increases which likely increases therdista data packet transmissions and average the simulationtsesul

between the nodes, the chance of beneficial cooperation Hegs. 7 and 8 show the simulation and analytical results ef th

creases, thus reducing the mean throughput. probabilities of successful cooperation and direct traasion
Notice that, in some cases, the performance improvemeaspectively in a single-neighbor case (at a distance af 0.1

due to cooperation in a network with more nodes can 185, and 0.9 from the source). In the figurds,;, denotes the

Fig. 5. Mean network throughput versus network radius.
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Fig. 7. Probability of successful cooperation with one héigr node. Fig. 9.  Probability of successful cooperation with diffierenumber of

neighbor nodes.
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Fig. 8. Probability of direct transmission with one neighinade. Fig. 10. Probability of direct transmission with differentimber of neighbor

distance between the source and the neighbor fodét can . . -
be seen that the analytical results match with the simuﬂati8f neighhar nodes anq.the two transm|sspn probab|l|t|es_ fo
results. For the three neighbor positions, cooperativee¢ti different channel conditions. In a low aqd middle SNR regime
transmission obtains the most (least) opportunities winen t(VSD < 15 dB), a larger numbe_r.of neighbor pqdes prowde
neighbor is at the middle between the source and the destif'® Ch"?‘”c?s to successfu!ly utlll_ze the benef_|C|aI coapera
tion. A neighbor closer to the source is easier to succéysfug(émmhun'qat'ons’ however,_ ina h|gh SNE reglm,@ﬁ“ 2 15 b
initiate beneficial cooperation as compared to one clostreo ). t_ e situation Is opposite, meaning that a smafler numbe
destination. The observations are consistent with thdteesu of nelghl_)or nodgs lead to a bigger probability O.f beneficial
[37,38] on the relation between the probability of sucoasf cooperation. This ph_enomepon .asser'ts the existence of a
initiated beneficial cooperation and the position of a rel y ge(;]ﬁ‘ b&t'\‘i\/geln multi-user ghversﬂy galndat;he Ehysiaxjill?r f
node. Further, the probability of successful cooperatiost fi hn dt' € i k-_ayer conte;tlon overnead. As t ehq_ua Ity o
rises then declines as the quality of the direct link impenvet € |rec_t INK IMproves, the coopera}tl_on region s ””.‘m a
The rationale is that: 1) if the propagation environment I(éooperatl_on Is less likely to be beneﬂqal. In th|_s case;rligav.
hostile, the size of CR is large, whereby more cooperati\';'éc.)re naghbor_ners does nqt.prov!de a hlgher diversity
transmissions are fostered when the channel quality ineqsro@am’ bl,Jt resulting in more collisions in the optimal helper
to allow a successful RTS/CTS handshake; however, 2) if tfigntention.
channel quality further improves, the cooperation proligbi
decreases as employing direct transmission is more likely t VI. CONCLUSIONS
dominate cooperative transmission. To unearth benefits of cooperative communications in a
Figs. 9 and 10 show the relationship between the numldistributed wireless network, we have studied two fundaaien
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issues, namely when to cooperate and whom to cooperataus, we still havePg(/\/l/Ip,W,Rl) > Py(M|p, W, Ry).
with, from a cross-layer protocol design perspective. la-spOverall, given a successful helper selection, expanding
cific, based on the newly introduced concept of cooperati@R does not decrease the probability of link
region, we have proposed a novel cross-layer MAC protoadfilization improvement by beneficial cooperation. Since
that can differentiate beneficial cooperation from unnsass Ps;(M|p, W, Ry) is a monotonically non-decreasing function
cooperation. Effective helper selection is integrated itite of M, P;(M|p, W, Ry) achieves the maximum whem
MAC protocol. To improve link utilization and thus increaseexpands to the maximum, which concludes the proof.
network throughput, optimal grouping of helpers for sigmgl

overhead minimization is considered, and a greedy alguarith APPENDIXB

for protocol refinement is devised. Simulation results demo DERIVATION OF P(Dy, Gy, I, |vsp = 7)

strate that the proposed approach with beneficial cooperas g P(Dy, Gr, I |ysp = ), we note that, giverr,,,

tion outperforms its non-cooperative counterpart in teohs ;

the number of total helper candidatéscan range from
throughput and delay performance. The probabilities of suc A|. Further, within the¢ helper candidates, different
cessful cooperative communications and direct transmissin des c.an be th'e ootimal hel erps (ie., the no&es with the
are derived. We have investigated the impacts of Chanr}r@aximal CCTR) Letp(’) (c Dp) den;)té’ the node subset
quality, helper node position, and helper node number gn_ . Coetn A= )
the beneficial cooperation. Further, analytical and sitfart consisting of the: optimal helpers. With independent channels

results shed some light on the tradeoff between physiga¥la among the nodes and across different packet transmissions,

multi-user diversity gain and MAC-layer contention oveatie whether. or not a node is a helper candidate (or the (_)ptimal
For the future work, to exploit beneficial cooperation in helper) is |nq.ependent of c_>ther nodes. Thus, by applymg the
multi-hop wireless r;etwork we will integrate the functior(;f‘o'[al probability theorem with respect to the helper caatéd

. ' . humber, the helper candidate set, and the optimal helpger set
of load balance into our cross-layer protocol design. Fasrth

. . . . - we have
more cooperation techniques including coded cooperatitin w _
be exploited and evaluated. P(Do, Gi, In|vsp = 7v)
_ (10)
APPENDIXA => 3> I A, II B,; Il P,
PROOF OFPROPOSITION1 t=nD¢ On \ N; €D N;€De N;€O0n

N;¢On
Consider that the CR expands from the area of a high _ *

CCTR to the area of a low CCTR. Given, W, and R,, WhereP1; =1— P(N; € Dolysp =7), Po; = P(N; €

let M denote an initial set consisting of a group of beneficidle: Bn(N;j) < R, () [vsp =), and Py = .P(Nj €

cooperative ratd Ro1, Re) allocations, which correspondsPe: £n(N;) = Rj (1) [vsp = ) denote the conditional proba-

to M CCTRS,R: (i), i = 1,2, ..., M, where R: (i) > R (j), b|||t|_es thatgwenygp_, nodel; is not a hel_per candidate, node

if i < j. Denote byA(i) (A(i)) the event that a node with N; is a helper candidate but not an optimal helper, and node

CCTR R (i) is present in (absent from) the helper selectiods S @n optimal helper, respectively. Hetg,, (IV;) denotes

Then, according to our helper selection method, if the elpi® CCTR achieved via nods;. In the following, to find

selection is successful, the probability of link utilizaiiim- £1. We give the detail to calculate the conditional probability
M P(N; € Dy|ysp =) that givenysp node N; is a helper
provement can be expressed BSM|p,W,R1) = > Pi, candidate. Probabilities, ; and P; ; can be obtained using a
i1 _ =!" similar approach.
whereP; = P ((]QlA(J')) N A(i) |PaWRl> is the condi-  Given vsp (in [Yen,0. Veng(w,p)))s @ Neighbor nodev; is
tional probability that, giverp, W, and R, any node with a & helper candidate if 1) it can receive both RTS and CTS
CCTR higher thanR; (i) is absent from the optimal helperPackets without error and 2) its CCTRR{(XV;)) is no less
contention, and the node witR; (i) is successfully selectedthan B} (Mmax). Let C; and D; denoteysy; > im0 and
(either with or without minislot re-contention). YN;p = iho, respectively. Condition 1) corresponds to
Then, if the CR expands due to a new cooperatie; N D;. Condition 2), Ry (N;) > R} (Mmax), is denoted
rate allocation (R}, R,.,) offering a higher EPTR than by Fj. Let v, index a group of cooperative rate allocations
the direct transmission, the new CR becom#d’ = (Rc1,Rc2) offering a CCTR equal taR;(I), and F;l”“)
MU{(R1, Ry, Rpo) o If R Ry /(R +REs) # R (M), denote the event that nodd; with rate allocation strat-
let R (M + 1) = R R.,/(Ry, + R,) denote the new egy u; achieves CCTRRj (l), wherel = 1,2,..., M.
CCTR, which satisfiest; (M+1) < Rj (i), 1 <i < M.Then, Then we haver;, = ()™ u F""). Further, for a CCTR
if the helper selection is successful, the probability aikli =1 w ’

utilization improvement due to beneficial cooperation dedin 12j;(1) achieved by rate allocation strategy, let Ql(llzl =

in M increases toP,(M'p, W. Ba) = Pi(Mlp.W.Ro) + - [5040) 10D and ) =[5, 75%) respec-

P < N A(j) ) NAM +1) |p, W, Ry > tively denote the'two SNR intervals to adopt the two allodate
=1 transmission rates (i.eRci and Rcs), where yf,ﬂjﬁ“’) and

Ps(M|p,W, Ry). On the other hand, ifRo, Riy/(Roy + ) . o1 . Then. if el
',) = Ri(M), Py increases due to a new cooperativdina =~ &€ iN{7thq},-1, i = 1,2. Then, if we respectively
rate allocation R, R;.,) available for the potential heIpers.defineF;l’"“l) and Fj(l’“’“m as the events thatsy, € o

Laug?
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and yo € Ql(u) . we haveFj(l Jur) F(l ul) F(l ut,2)

12

find P, ; and P5 ; in (10) based on (13) and (14) as follows

With aforesaid relat|0ns we can |dent|fy a helper node by

M=y
=1
the derivation we utilize”; N F(l Ut ) — 4w Then, we

J
have
P(Nj € Do lysp =)
Mmax U u
= P( (F(l b )ij(l’ 1"2) ODJ) "YSD = ’y

C;ND;NF; = (F.(l’“l’l) nFM e n Dj>, where in

=1 w

Pyy= % P (F*" Y ysp =

e kzl;i-lgl; ( Frsp = ) (15)
x P (F*"* 0 D; |ysp =)
(L

Poj=2F (£ ysp =) )

x P (F"? 0 D;lysp =)

(1) with Py, P»j;, and P;;, we complete the deviation of

To tackle (11), we utilize a proposition given in the follawi
Proposition 3: The s are mutually exclusive for
different values of and/oru;.

P(ﬁ()leaI

n[vsp =) in (10).
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