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Abstract—While the benefits of cooperative diversity have in this paper. Based on the C-ARQ protocol, an optimal relay
been well studied in the literature, cooperative MAC protocol selection scheme is presented to reduce collision pratabil
design has also attracted much attention recently. In the single- ;, 5 gense network aiming at maximizing energy efficiency

relay Cooperative Automatic Repeat reQuest (C-ARQ) protocol, ; . )
the best relay node is selected in a distributed manner by of the relay node. Analysis and simulations are conducted

relays using different backoff time before packet retransmission {0 €valuate the performance enhancement of the proposed
However, this relay selection scheme does not work efficiently in a optimal scheme, in terms of packet delivery ratio and energy
dense network scenario, due to possible high collision probability efficiency.

among different contending relays. In this paper, we propose g thermore, the optimal scheme here applies to a category

an optimized relay selection scheme to maximize system energy . . .
efficiency by reducing collision probability. The energy efficiency of distributed path selection protocols based on different

performance by the proposed optimal relay selection scheme is lengths of backoff time [7] before transmission. Hence, the
verified by simulations. optimization solution study is of great significance.

The rest of the paper is organized as follows. The system
model is described in Sec. Il. After that, the cooperative
Cooperative communications are proposed as a distribuggdtocol is introduced in Sec. Ill. The optimization prafble
way to achieve space diversity via distributed terminalse T statement of the relay selection scheme is derived in Sec. IV
theory behind cooperation has been studied in depth, amed the scheme performance is evaluated through simusation

significant improvement of system performance has begnSec. V. Finally, the paper is concluded in Sec. VI.

demonstrated in terms of throughput, network coverage and
energy efficiency [1]. I[l. SYSTEM MODEL AND ASSUMPTIONS

Increasing attention has recently been paid to cooperativeThe network shown in Fig. 1 is taken as an example to
Medium Access Control (MAC) design in distributed wirelesglustrate the network topology and cooperation scendfie
networks [2]- [5]. Among them, a Cooperative Automati;ietwork consists of a source node, S, a destination node, D,

Repeat reQuest protocol (C-ARQ) has been is proposed in {#jd several potential relay nodes;, R, ..., R,, randomly
to deal with the three key issues on MAC layer. In singleyrelajistributed around 3.

C-ARQ, the relay nodes with successful reception of thectire
transmission from source to destination will backoff diéfet
lengths of time before data retransmission, according éo th _ ;‘"”'

instantaneous relay channel quality. Then, the relay ndtte w :::::::—ii”}'

I. INTRODUCTION

best relay channel quality will be selected automaticatly t £ :
forward the data packet. The C-ARQ scheme can provide high Source e W ;
performance enhancement compared with the non-cooperativ ‘\l'g__
scheme in a sparse network. However, Its performance would T
be remarkably degraded in dense networks because of the high
probability of collisions in its relay selection procedure
Moreover, the energy consumption aspect in a cooperative . o ) ]
retransmission network has rarely been addressed in éma-lit Each direct transmission starts from S, with the intended
ture. In our previous work [6], the energy consumption of thges_tmatlon as D If the direct transmission fails, theyelade
C-ARQ protocol has been investigated in a simplified thredhich has recelved_ the packgt successfully and has the best
node network. Its simulation results illustrated that thergy T€lay channel quality to D will be selected to forward the
consumption of a whole network is distinctly affected by thBacket to D, following the cooperative retransmission @rot.
location of the relay node. In fact, a cooperative MAC profoc !N this model, it is assumed that all nodes can hear each
can be further improved when energy consumption is tak@#1er. The distance between any relay node and D is negigibl

into consideration. T . .
Motivated bv th b b fi timal This network topology is based on our previous work [6], vehere have
otivate y Ine apove observatons, an opumal energynonstrated that it is more energy efficient to use relay nolbser to the

efficient cooperative retransmission MAC protocol is pregm destination in the context of cooperative retransmissicvonk.

estination

Fig. 1. System Model for Cooperative Transmission.



compared with the distance between S and D. The channel§he message exchange sequence of the C-ARQ scheme with
between every transmission pair, i.e., between S and D, S ansluccessful cooperative retransmission is illustrateeign 2.

each relay node Ras well as Rand D, are assumed to be

independent of each other, hence full spatial diversity lban g Relay Selection Algorithm

achieved by data retransmission over another/other chghne

Moreover, we assume that channels are strongly temporallyThe relay nodes in C-ARQ are selected in a distributed
correlated, i.e., consecutive packets on the same chanmelanner by using the instantaneous channel condition aatain
subjected to the same channel fading condition and heribeough the CFC packet sent from D. After the cooperative

identical packet error rate. phase starts, each relay candidate gets its backoff timg of
according to its own relay channel condition.
IIl. CoOOPERATIVEMAC PROTOCOLDESCRIPTION 1) backoff time function: In C-ARQ, the backoff time[;
The C-ARQ protocol is proposed based on the Distributdg defined as a function:
Coordination Function (DCF) scheme in WLANS, to deal with
. . SNRlow Tup .
the three key issues on MAC layer, i.e., when to cooperate, T, = . ,i=1,2,...,n Q)
SNR; slottime

whom to cooperate with and how to protect cooperative

transmissions [8]. In this section, we first summarize the Q\ThereSNRZ- is the Signal-to-Noise Ratio (SNR) value in dB
ARQ' MAQ proto.col., and then introduce jts relay selectiops the CFC packet received @;; SNR,,. is the threshold
algorithm in details in the second subsection. of SNR; for R; to participate in cooperative retransmission;
andn is the number of the relay nodes in the network. The
value of SNR,,., can be determined according to the specified
The C-ARQ protocol procedure consists of two phasegiodulation and Coding Schemes (MCSs) at the physical layer.
direct transmission and cooperative retransmission. Tde q,, in Eq. (1) is the upper bound of the backoff time for
operative retransmission only happens when the first dirq}gtay candidatesT,,, in the basic C-ARQ scheme is set to
transmission fails. It is brIEﬂy presented in the fOIlOWlﬂmUt be (D”:S-S”:S)’ in order to guarantee that the Cooperative
how the protocol works. More details can be found in [8]. retransmission will not be interrupted by other nodes in the
network. The granularity of; is specified to balottime of the

A. Cooperative Automatic Repeat Request Scheme

DIFS | DIFS | DIFS system in order to cover the propagation delay in the network
E Bf [ DATA | —— . ) ;
S | | ’ 2) backoff time look-up table: The mapping fromSNR; to
ﬂ’:%! SIF oK T; can also be implemented through a look-up table, as shown
D | | »  in Table I.
I |
Ro 'Si/( DATA | N TABLE |
ISIFSTb [ MAPPING FROMSNR TO BACKOFF TIME.
Ri f Tm | I ’ SNR; | [Om,00) | Wm—1,9m) | [Pm—2, ... (91,72)
| ! | T; first slot | second slot DIFS — SIFS

Fig. 2. C-ARQ Basic Scheme: Successful Cooperative Retrasgmni
In Table. 1,49;,7 = 1,2,...,m are the threshold values of
As the first step, S sends out a DATA packet to its destiVR; to have different backoff time, anh <, < ... < ¥,,.

nation D following the original DCF basic access scheme. #; is the threshold value for the relay candidate to cooperate.
and only if the data packet is received erroneously at D, Bach relay candidate gets its backoff tiffieby looking up the
will broadcast a Call For Cooperation (CFC) packet to invitabove table using its measured SNR value of the CFC packet
other nodes in the network to operate as relay nodes ancaatindex. It is obvious that the relay with highesVR; will
the same time to provide them the opportunity of measuriggt the first time slot and hence to transmit first.
their respective relay channel quality. Only relay nodest th The number of intervals divided among the SNR values
have decoded the packet sent by S correctly become relayTable. |, m is determined by the durations of (DIFS-
candidates. According to the relay selection algorithng tISIFS) and slottime. The longest backoff time available for
relay candidate with the best relay channel quality Rill the relays is set to 2£5=51ES | sjots to give priority to
first get channel access and forward its received packeteto ttooperative retransmission. The boundaries involved is th
destination. After detecting the data packet from é¢h the table,J;,i = 1,2...,m, can be optimized to maximize the
channel, the other relay candidates will withdraw from itherequired cooperative system performance. For instance, in
cooperation contention and discard their received packiets network with the 802.11g standard, the longest backoff isne
D decodes the packet correctly after the best-relay-chantt@ree time slots. Hence, two threshold valugsand+,, need
retransmission, D will return an ACK packet to S. Otherwisdp be optimized. The optimization solution is dependent on
the cooperative transmission fails. In this case, S will ggiven network scenarios, such as the wireless channeltguali
access to the channel again after DIFS interval. and the density of the relay nodes.



IV. OPTIMIZATION PROBLEM STATEMENT Assume further that there aré nodes in the network, and
Let d denote the distance between the source node é;lﬁ:pote the number of nodes that correctly decode the packet

a receiving node. We assume an average path loss thaf$dY - Since the channels from the source to different relays
proportional tod* wherea is the path loss coefficient. Forr€ independent, the events that one node successfullyesce

brevity, we assume a Rayleigh fading channel with additi Packet are independent of each other. Thus, the number of
white Gaussian noise (AWGN) on top of path loss, althou ccessful nodes is actually subject to a binomial ditidiu

our analysis can be extended to other fading channels such' 3§ Probability thath nodes correctly decode the packet is

Rician or Nakagami. N ——— M (=== 1N-M
The average received SNR at the receiver can be written as P(M) = < M) [l - PER,]" [PER,] : (8)

_ GPr(1-a) @ B. Conditional Cooperation Retransmission Probability
d*NoW ’ In the cooperative retransmission phase, Migelay nodes

where Py is the RF transmission powefl — ) accounts With successful reception of the data packet will first measu
for the efficiency of the RF power amplifiely’ is bandwidth the received signal strength of the CFC packet, denoted as
in Hertz available for transmission, is the spectral power 7i;¢ = 1,2...,M, then contend for channel access using
density of the Gaussian white noise at the receiver, @nd different backoff timeT; according toy;. Here,~; represents

a constant that is defined by signal frequency, antenna gaith¢ instantaneous channel condition from relay to destinat

and other parameters. and follows a similar distribution function in Eq. (4). Thatp
The instantaneous received SNR under Rayleigh fading H8§S is neglected in this case because of the short distance
an exponential distribution as: between relay nodes and D. For convenience, we 0ih
S the descending order, 85 > 2 > v3... > Y.
fy)=1/5e"77. (3)  The probability of the cooperative retransmission condi-

tioned on the direct transmission failure, denotedfas,,,

Substitutingy in Eq. (2) into Eq. (3), we can obtain: , - ) :
9 a- () a () is the probability that there is at least one relay node ttiit w

fly) = d*NoW e—% — CdeeCI (4) transmit before DIFS-SIFS timeout after an unsuccessfatdli
GPr(l—-a) ’ transmission. Probability>.,., is equal to the probability of
whereC — —NoW__ the event that the relay node with the best relay channeitgual
GPr(1-a) has higher SNR value than the threshold valie,and hence
A. Average Packet Error Rate transmit before DIFS-SIFS. Considering the independeifice o

The exact closed-form PER in AWGN channels is difficulf® channels from the source to different relagfs.., can be
to obtain. To simplify the analysis, we rely on the following@/culated as:

approximate PER expression from [9]: Peoop(V1,M) = P{y1 >V1} =1—-P{y <1}
1 if - < th =1—-P{vy;<V1,i=1,2,... M}
— n
PER,(y) ~ (5) e )
Bne™ "7, if y > =1-]1 | Ce Ty
=1
wheren is the MCS index, and is the signal to noise ratio _coM
; =1-(1—e "),
at the receiver. Parametefl, ,, and~!" are dependent on '
the specific MCS scheme and data packet length. Averaging F.,., over the number of successful relays leads

Given an average SNR value, the PER performance at f8é
receiving node averaged over Rayleigh fading is given as: o M
%) Pcoop(ﬁl) et ZP(M)PCOZ(ﬂlaM)' (10)
PER, (7) = [ PER()f()dy =
0 (6) C. Caollision Probability among Different Relays
__ b e~ W 1/7) <1 _ e—vff/?) _ Coliisi i h h d h imil |
1+ ry —ollision will happen wheny, and~y, have similar values,
which leads to two relays sharing the same backoff time.

Since all the relays nodes are close to the destination, afjtbrefore, the collision probability,,;, can be written as:
the distance between them is negligible compared with the

distance from source to destination, we assume the average P - = p
. L . . col — ’ € ) j 5 05 )
SNR is the same at all the receiving nodes in the direct : ; 02 € 5, 0500)}
transmission phase. Therefore, therage packet error rate, _
denoted aPER, ., is also the same at the destination and othéf1€révm1 = oo. To calculater,,;, we have:
relay nodes. Substituting Eq. (2) into Eq. (6), we have: P {v,v € [¥;,9;41)} = P{m,72 < 9j41} — P{m < 9;}

BrCd™ k(s rcav) —AthCde —P {7y <¥;,9; <m <Vjp}.
Cdotry© HL-eier) o (12)

11)

PER, =



In the following, we derive the three items on the right sidethere E[¢)] is the additional number of payload informa-
of Eq. (12) step by step. As defined, and~, are the maximal tion bits successfully transmitted by the relay nodes dyrin
and the second maximal values of the received signal stiengtooperative retransmissions in a virtual time slot, i.be t
at all the relays, respectively. Henc®,{~,72 < ¥;41} is time interval between two consecutive packet transmission
equivalent toP {~; < 9,41}, and can be obtained as: initiated by S in this study, an&[J] is the expected energy

consumption of the relay nodes during one virtual time slot.
Py <djnk = Pin <V} It is obv?ous that the higyher the valuegf(,nc the more energy
o 1—[/’91'+1 o Criger efficient the evaluated system.
0 Vi For our proposed schemg]y)| and E[D] are expressed as
follows. Here, the energy consumption of the relay nodes in
the idle and receiving modes are neglected in our analysis.

Similarly, P{y1 <¥;} can be easily obtained. Then, E[¢)] = PER, Prgop (1 — Poy) L; (18)
P{y, <9¥;,9; <y < 9,41} can be calculated as:

P 19'§’}/1 <Y 1,’}/i§’l9',i:2,...,M, N
{JN o AT ﬂ} E[J] =) Pw)wPrTpara, (19)
J+1 J =
1) Js, i1 Jo (14)  whereL is the payload length in bitsfp 474 is the transmis-
N o9 o9 Cg A M—1 sion time for the DATA packet in Fig. 2y is the number
= <1> (7% —em @) (1—e %) . of simultaneous transmitting relay node am{w) is the
] . ) probability of w simultaneous transmitting relay nodes.
In this way, P.,; can be expressed as a function of distance Tpe probability that ¢ — 1) relay nodes share the same
d, the number of relay8/, number of thresholds:, threshold p5ckoff time with the relay node that has the best relay cbann

valuesd;, j = 1,2, ..,m. quality, denoted a#;(w), can be calculated as:
Averaging P,.,; over the number of successful relays, we m
have: . Pu(w) =Y P{y1,%2, Y € [0;,9;41)},  (20)
j=1

Peot(0,m) = P(M)Peoi(d;,m, M)

— which can be obtained in a similar way to Eq. (11).

Averaging Py (w) over the number of successful relays, we

M m
— S Pn) [ S Pl € 0050} | TAVEP)

i=0 j=1

(15) Pw) = Z P(M) Py (w). (21)
i=0

Thus, the closed-form expression of the average collision
probability among different relay nodé).,;, is derived as a
function of the threshold value;, j = 1,2...,m.

Finally, the energy efficiency at the relay node of the
cooperative retransmission schemg, can be obtained by
taking Egs. (20) and (21) into Eq. (19), and then substigutin
D. Energy Consumption Performance Analysis Egs. (18) and (19) into Eq. (17).

The performance of the cooperative retransmission proto¢® QOptimization Statement
is analyzed in terms of saturation throughput and PacketBased on the analysis in the preceding subsections, the

Delivery Rate (PDR) at the MAC layer in this subsection. - .
The PDR of the cooperative scheme is the sum of the pacgé/%arage energy efficiency is dependent on the thresholesalu

. : i .7 =1,2...,m with given noi wer he distan
successful rate in the direct phase and the additional ssfude A »2...,m With given noise powerN, W, the distance

R . I from S to D, d, the number of relay nodedy, and so
probability in the cooperative retransmission phase. Noa¢ : : .
: . T on. With given relay topology in the network and channel
in our analysis, no data corruption is assumed on the rel

channels from Rto D due to short distances. That is, @é{ndmons, the throughput can be expressed as a function of

j =1,2...,m, and optimal values of; should be derived

Iﬁguz||iosfiot:eanﬁg?]pec;?fpevreenrtert'tra?gssmc;suseﬁg gﬁecjinmlye(;?;t;ei ?g maximize the system energy efficiency. The optimization
9 y P d problem can be formulated as follows:

selection scheme.
PDR, = 1 — PER, + PER, Por(1— Py 16 Maxi i ze {n(d;,m)},j =1,2,...,m
cT et rPeoop(1 = Feor). (16) subject to:W; —9;>0,j=1,2,...m,

The energy efficiency at the relay node, denotednbys DIFS — SIFS
defined as the successfully delivered information bits Ighea = LJ
consumed joule of energy, and can be written as:

(22)

slottime

As mentioned in Sec. I, the number of threshold values,
- EM7 (17) s determined by the durations ¢DIFS — SIF'S) and slot-
ElJ] time. In our study, we use the 802.11g system for illustratio
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Fig. 3. PDR with Different Threshold Valuegzf /No= 0 dB). analysis in Sec. IV. It can be observed that the optimal relay

scheme keeps optimal energy efficiency under all different
channel conditions, while the original cooperative resrais-
sion shows its benefits mainly when the channel is in poor
conditions. The reason is that when the channel conditiés ge
better, a lot of energy is wasted when collisions happen gmon
multiple relays with the original C-ARQ scheme.

and two parameters}; andJ,, will to be tuned to optimize
system energy efficiency.

V. SIMULATIONS AND NUMERICAL RESULTS

To evaluate the performance of the proposed scheme, we VI. CONCLUSIONS

ha\r/]e mpéemeqted thi orTglnaI_C—,TRQ proto;:fpl_ in [8] ?H;Dthe Energy consumption is a very important aspect to evaluate a
enhanced version with the optimal energy efficient solulion cooperative transmission scheme. In this paper, we pegent

MATLAB_ for comparision. . a complete analysis of the C-ARQ protocol performance with
The simulation para_meter_s are set up according to th‘ﬁpairment resulted from collision. Thereby, an optimized
802.11g standard, as listed in Table Il. S and D are placgfl,y selection scheme is proposed to maximize systemgnerg
300 meters apart from each other. Fifty relay nodes agiciency. Numerical results have shown that the proposed

placed randomly within a radius of 30 meters around tht?ptimal scheme is much more energy efficient compared
destination node. The channels between each transmisaiion Rith the original C-ARQ protocol under different channel

the corresponding,,, x, and~!" from Eq. (5) as7.2 x 103,

5.3, and 2.0 dB, respectively. REFERENCES
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