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Abstract— This letter studies distributed opportunistic channel  to 1) give up, or 2) transmit with direct link, or 3) continue
access in a contentlon-baseq wireless net_work with deco@d®d- 1o probe the second hop (from the relay to the destinatidn). |
forward relays. If a source wins a contention, the channel stte the source decides to probe the second hop, the channel SNR

information in the first-hop channel is estimated, and a deaion . . . . . .
is made for the winner source to either give up the transmissin of the second hop is estimated, and it is decided either ® giv

opportunity and let all sources start a new contention, or tansmit  Up Or to transmit (by using the direct link or the relay link,
to the relay. Once the relay gets the traffic, it may have a seqance whichever has better utility).
of probings of the second-hop channel. The optimal decision  Different from [6], here we propose another method for
strategies for the two hops are derived in this letter. Simudtion 5 (istributed DF relaying network. A source also first sends
results show that our scheme is beneficial when second-hop . . .
channels have larger average signal-to-noise ratio. a prpblng packet, and after the f'rSt'hOp_ chanr_1e| SNR is
o o ) ) obtained, we propose that the source either gives up the
Index Terms— Opportunistic transmission, optimal stopping.  yransmission opportunity or utilizes the first-hop charfirst
I. INTRODUCTION (by transmitting to its relay and letting its relay wait fogaod
In a distributed wireless network, normally channel coecond-hop channel to forward the received traffic, referre

tention is adopted, for example, by using handshakes t8fas.relay-wa?ting). The rationale for the relay-waiting is: if
request-to-send (RTS) and clear-to-send (CTS) beforea d&t first-hop instantaneous SNR is good but the second-hop
transmission. To efficiently utilize the wireless chanitatay Instantaneous SNR is bad, the_relay—wamng can st|||_et<p|o
be better if a source that wins the channel contention coJ,lbe good f,'rSt'hOP channel, ,Wh'le the sche'me in [6] is very
give up its transmission opportunity when its channel is nd¢€lYy t© give up, thus wasting the good first-hop channel.
good, i.e., it does not transmit upon reception of CTS, ang this letter, we derive an optimal strategy for our progbse
thus, all sources immediately start a new channel contenticeme, and show that our scheme is beneficial when the
This idea is calleddistributed opportunistic channel access. second-hop channels have larger average SNR.

The challenge is: how does distributed opportunistic chan- ] ) _”' SYSTEM M(?DEL )
nel access achieve optimality in terms of maximal system Consider a distributed DF relaying network witth source-

throughput? The challenge was addressed in [1]. A sourdgStination pairs. Each source-destination pair is assign
first sends a probing packet (e.g., RTS) to its destinatibflay- First consider the case with direct links from sosrze
for channel contention. If the contention is successfug tiflestinations. Similar to [6], to probe the first-hop chaspel
destination estimates the channel signal-to-noise r&ioR) SOUrce can send a probing packet. If there is no collision,
and feedbacks (e.g., by using CTS) to the source. If the aani{® Probing packet is received by both its relay and its

SNR is less than a threshold value, which can be numericafi§Stination. By reception of the probing packet, the relay
calculated based on the users’ channel statistics, theesou@Nd the destination can estimate the channel SNRs from the

gives up its transmission opportunity; otherwise, the seurSOUrce to themselves. Then the relay reports its channel SNR
transmits its traffic using the maximal achievable transiois information to the destination, and the destination makes a
rate of the probed channel. Ref. [2], [3], [4] are follow-ugfs decision for thg first hop (give. up or transmit). For this
[1], considering that channel information is imperfect ltiple €€, by reception of the reporting message from the relay,
transmissions are possible, and there exists a bound on i destination can actually estimate the channel SNR from
average interval between two transmissions, respectifely the relay to itself, and thus, the destination has complete
wireless relaying networks, distributed opportunisti@chel channel SNR information for the two hops: from the source
access is investigated in [5] and [6] with amplify-and-fare to the relay, from the source to itself, and from the relay to
relays and decode-and-forward (DF) relays, respectively. itself. Then the destination can calculate the achievabte e
specific, a distributed DF relaying network is considered {ip-€nd transmission rate denotedfadetween the source and
[6], in which each source-destination pair is aided by a Dfself- Therefore, although the communication from therseu
relay. If a source has traffic to send, it sends a probing gack® the destination is with two hops, it can be treated as a
and based on reception of the probing packet, the informatiyirtual one-hop communication with achievable rate So

of the first-hop channel SNR (from the source to its reld)® Same method as that in [1] (which deals with single-hop

and to the destination) is obtained. Then the source decid&works) can be used to find an optimal opportunistic channe
access strategy. Therefore, in this letter, we investigiate
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each source sends an RTS with probability its relay. So at enough second-hop channel to forward its received traffic is
a minislot, if no source transmits, i.e., the minislot iseidthe zero). AsY,, < R, 74, the first condition is apparently satisfied.
probability is (1 — p)™), then all sources start a new channebincelim sup 7;, = oo, the second condition is also satisfied.
contention in the next minislot; if more than one source Seﬁ%erefgrzfoan optimal strategy of Problem (2) exists.

RTS (the probability isl — (1 — p)™ — Mp(1 —p)*~"), @ An gptimal strategy of Problem (2) has two parts: optimal

collision happens, and thus, all sources start a new Chanfi‘r"s!t-hop and second-hop strategies, discussed next.
contention after a time-out duration following the colbisj if ’

only one source sends RTS (with probabiligp(1 —p)M 1),
we call the source ainner source. Definean observation as Ill. STRATEGY FOR THESECOND HOP
the interval from the starting point of the channel contamti  Consider observation. Here we first try to find an optimal
until a winner source appears (i.e., its RTS is successfulijrategy for the second hop, i.e., we assume that the winner
received by its relay). The average duration of an obsematisource, denoted as(n), stops and transmits to its relay with
is 7 = Wﬁ)ﬁ“ R 17(17112221771\147%1:11))““1 (rrrs + rate R,. For the second hop, the relay should find its best
Teimeout) + TRTS, IN WHICh Trrs and Tyimeou: are RTS and Strategy. Th'e relay first sends an RTS to the destination, and
time-out durations, respectively. the destination estimates the secon_d-hop channel SNRetknot
At the end of an observation (say, observatiynthe winner aS 7y and feedbacks a CTS that includes the channel SNR
source’s relay can estimate the channel SNR from the windBformation, referred to asehannel probing. If the achievable
source to itself by the RTS reception, and it decides frofgcond-hop transmission rate, givenlag,(1 + r,), is not
two options: 1) optiongive-up: to give up the transmission €SS thanfz,, the relay transmits to the destination by using
opportunity, and notify the source of the decision by segdidransmission rate?, with duration,; otherwise, the relay
back a CTS. This CTS is also received by other sources. Thll§Cides to give up or to continue channel probing. If theyrela
subsequently all sources can start a new contention. Xyroptfl€cides to give up, all sources start a new channel contentio
stop: to stop the process and utilize the first-hop transmissich the relay decides to continue channel probing, the relay
opportunity, and send back a CTS to notify the decision. Mfits for channel coherence timg and has a new RTS-CTS
the CTS, a transmission rate denotedijsis also indicated €xchange with the destination (a new channel probing), and
for transmission from the winner source to the relay. Then tifansmits if the achievable second-hop transmission satet
winner source transmits for duration of a channel coherenl€sS thanfi,, or decides to give up or to continue channel
time denoted as, by using transmission rate,, (the optimal Probing otherwise. This procedure is repeated until thayrel
value of R,, is derived in Section IV). The subsequent actioff2nSmits or gives up. So there are a sequence of decisions in
of the relay is detailed in Section III. the secqnd ho'p, which is challenging. To address this, we tak
For observatiom, if the winner source stops, denote rewar@ NeW Viewpoint for second-hop strategies, as follows.
Y, as the total amount of traffic that is sent by the winner D&notes; as the second-hop strategy that the relay can have
source and received by its destination, and defltas the UP tol channel probings of its channel to the destination. So
time duration from observatioh until observatiom plus the if the relay cannot find a second-hop channel realizatioh wit
time used for transmissions in the two hops. Dendteas achievable rate not less thah, within I channel probings,
the stopping time, i.e., the winner sources in the firsf — 1 the relay is forced to give up. Denofé’() (which is a
observations do not stop, and the winner source inNte function of ) as the net reward of strategy. Therefore,
observation stops. This letter targets at an optimal stgppi@? OPtimal second-hop strategy should achieve net reward

time denoted asV*, which makes the system achieve tharax{E[VI ()L E[VZ(N)], ... E[V>(A)]}. We have

maximal system throughput, i.e., E[VI(A)] = Pr[r; > 1| (RnTa — A72)
N* = argsupyso E[Yn]/E[Tv] (1) + Plry <71, > ) (RaTa — 2A72) + ...
1 -1 !
whereE[.] means expectatioiN* is also referred to asptimal +Prlrg <ty <ty 1g 2 ) (BT — 1AT2)
stopping strategy. Based on [7, Chapter 6], we can transform + Pr[ré < Tns sy Tﬁfl < Tmré < 7]
problem (1) into a problem that maximizes rewafd — ATy x (—=(1 = 1)A12 — M7rrs + 17c1s))  (3)

with A > 0. In specific, for\ > 0, an optimal strategy denoted
asN*()\) should be found, which maximizes expected rewaifl Which Pf-] means probabilityscrs is CTS transmission
of the transformed problem: duration,m» = Trrs + ToTs + 74 IS the time cost for probing
and waiting (or transmission) in the second hop 2% —1
UA) =supnoyzo {EYvoy] = AE[TN]} (@) s the minimum required SNR of the second hop for achievable
If we find a \* such thatl7(\*) = 0, an optimal strategy of transmission rateR,,, andr;,vﬁ, ...,r}, are channel SNRs of
Problem (1) is given a®/*(\) with A = \* [7]. 1st, 2nd, ...Jth channel probing of the relay. We have
From [7], an optimal strategy of Problem (2) exists if the E[V>°()\)] = Pr[r_}l > 1| (RpTa — AT2)
following Fwo conditions are satisfied [ sup,, (Y, —AT},)] < PIrL < 2 > ) (Rra — 207) +
oo; and limsup(Y,, — AT},) = —oo almost surely. From g g
Ty

Sections ﬁ'l_>§<r)1d IV it can be seen th&, should be finite L 1 . -
(because ifR,, — oo, the probability for a relay to have a good +PMrg <Tns - 7g "~ <rn, 7y <Tal(E[VF(A)] — A7), (4)

+ Pr[rél7 < Ty T < ré > rp)(RnTa — IAT2)
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DenoteF,,,,)(-) as the cumulative distribution function of the(7) is not a monotonically increasing function of. Next we
SNR of the second-hop channel of winner sourge)’s relay. set up an optimat,, that makes the net reward maximal.
From (3) and (4), we have For winner sourcew(n), define function ¢(z,,)) =
0o . 721080 (14 Zy(n)) — AMTeTs — ATg — AeZwm /Pum) 1y, which is a
E[V W] =EV )] = (Fue (7)) BV (V)] =A7a). (5) ccé)ncgaz\ge func(ti(;)n 0&1‘,6;:)3. To fii\d the optimalruin), denoted
From (5) with[ and (5) with! + 1, we have T3, () that maximizesp(z,(,) ), we can solve(%w(iz;)) =0,
which leads to

B[V )] -EVI (V)] .
oo A Twoy
= (Eu(n) (rn))l(l - -Fw(n) (rn))(E[V ()\)] - )\Td)~ (6) d = e’wn) 1o, (8)
. (1+ ;L'fu(n)) In2  pym)
Thus, if E[V>°(\)] > A7, from (6) we haveE[V!()\)] < _
E[V2(A)] < .. < E[V>®())], which means the optimal %3, can be calculated from (8) numerically. $p should

second-hop strategy should be: the relay keeps probing ffeset tazy, ., if feasible. However, it may not be feasible to
second-hop channel until the achievable rate is not less tHf@tr» to bexy, , sincer, should be not more than the first-
R,.. On the other hand, [V>°(\)] < Arg, from (6) we have hop channel SNRy;(n). Thus, overall we should set, =
E[VL(\)] > E[V2()\)] > ... > E[V°°())], which means the min{rs(n),z}, )} and R, =logy(1 + min{ry(n), zy ,}).
optimal second-hop strategy should be: the relay probes thdrecall that an optimal stopping strategy of Problem (2) with
second-hop channel only once, and transmits if the achievab” satisfyingU(A\*) = 0 is an optimal stopping strategy of

transmission rate is not less thdd,, or gives up otherwise. Problem (1). So next we focus on optimal stopping strategy
of Problem (2) withA*. Maximal expected rewart (\*) of

IV. STRATEGY FOR THEFIRST HOP Problem (2) should satisfy an optimality equation [7]:
Based on the derived optimal second-hop strategy, now we

derive an optimal strategy for the first hop. In the first hdp,a M
observatiom, when the RTS of the winner source denoted as |, —Eq(n)| max {74 logy(1 + min{rs(n), 25, })

w(n) is received by its relay and the first-hop channel SNR w(n):lM

denoted asry(n) is estimated, the decision is either give- min{ry (1), 2% (n) }

up or stop (i.e., to transmit), whichever has higher reward-\"(r7crs + 7 +e 7w 72), UN") = N7ors ]
If the decision for the first hop is give-up, the net reward is — A =U(\Y)

—Mers (since a CTS is needed to notify the decision); if
the decision for the first hop is to transmit, the net reward i8 Which 1/M is the probability for a source to be the winner
max {E[VI(\)],E[VZ(N)], ..., E[V(\)]}=A(rers+74), in -~ Source, andi,,, [] means expectation whery(n) follows
which 7crs + 74 is time cost in the first hop: the relay usedtayleigh fading with mean SNR being,,,) (i.e., sources(n)
a CTS to notify the source of the decision and the sourkethe winner sourcep” can be calculated numerically from
transmits withr, duration. the optimal equation by setting (\*) = 0.

First considefE[V>°()\)] < Ary for the second hop. Then Accordingly, an optimal stopping strategy for winner saurc
from Section Il max{E[V}(A\)],E[VZ(\)],...,E[V>(\)]} = w(n) in the first hop is given as
E[V!(A)]. So the net reward of transmission in the first hop ) . .
is E[V1(\)] — M7ers + 74). SinceE[V>(\)] < Ary, from N*(A*) =min{n > 1: 74logy(1+ min{ry(n), 7, })
(5) with I = 1 we have min{rs(n),d )}

— XN(ters +1ate Puw(n) To) > —/\*TCTS} (9)

E[Vl ()‘)] = (1_E1;(n,) (rn))E[VOO()‘)]—’_EU(n) (rn))\Td < )\Td . . .

) L in which l‘fu(n) can be calculated from (8) with = \*.
which leads ta2[V"! (A)] = A(rers +7a) < —ATers. INother — por each winner sources(n), the left-hand side of the
words, the net reward of' transmlssmn in the first hop is 'eﬁﬁaquality in (9) is a non-decreasing function ©f(n). De-
th.an the net reward of give-up in Fhe fII’Si'.' hop, and thus, thg;ie Pt .0(m @S the solution ofr;(n) that makes two sides
winner source will always give up in the first .ho'p. T.herefor.ebf the inequality in (9) equal. Then the optimal stopping
when we calc_ulate the net reward of transmission in the f"§ttrategy in the first hop is rewritten @§*(\*) = min {n >
hop, we can ignoreE[V°>°()\)] < Ary". Thus, we focus on 1: rs(n) > ff,w(n)}- Overall, the proposed scheme works

E[V>°(N)] = A7a, and from Section Ill, the net reward of 55 fojlows. After a successful channel contention, winner

transmission (stopping) in the first hop is sourcew(n)’s relay compares the first-hop channel SNRn)
E[V®(\)] — A(rors + 7a) with the_ t_hres_holc_jff,w(n): if rf(n) < Ffw(n)s the fi_rs_t- _
(@) 1 hop decision is give-up; otherwise, the first-hop decision i
= RnTa — T(T))\TQ —Mrors +7a)  (7) stopping, i.e., source(n) transmits with rateR,, = log, (1 +
w(n)\n B} min{ry(n), =%, }). Subsequently the relay keeps probing the
(b) _rn_ w(n) g :
=14logs (1 + 1) — Mors — ATg — AePw(m) 1o second-hop channel and comparing the second-hop achgevabl

: : - B Ao rate with R,,. If the second-hop achievable rate is larger than
in which (a) comes fromE[V>(\)] = RuTa — =5 >y R,, the relay transmits; otherwise, the relay keeps probimg an
whichis from (4) with/ = 1, and(b) is from £y, ) (r2) =1~ comparing until it transmits eventually. Note that the aiu
e “»t» (Rayleigh fading) and,, = 2%+ — 1. The net reward of 7 ) andx ) for w(n) =1,2,..., M can be calculated

w(n



IEEE COMMUNICATIONS LETTERS (ACCEPTED)

off-line, and thus, only one comparison is needed for the-firs
hop decision and a few comparisons are needed for the second-
hop decision. Similarly, for the scheme in [6], only a few
comparisons are needed in its two-level decisions. Thigs, th
computation complexity in each scheme is very low, and can
be expressed a9(1) since the complexity is not a function

of the number of users.

V. PERFORMANCE EVALUATION

We use simulation to evaluate the proposed scheme, the
scheme in [6] (with direct links not considered), and a naive
scheme that utilizes all transmission opportunities (Whi Fig.
actually the scheme in [6] that never gives up in the first and™
second level decisions). The simulated network has 18 eeurc
destination pairs, with other parameters as: system battkdwi
is 2MHz, o 20,&5, TRTS = 103,&5, TCTS = Ttimeout —
106us, 7q = 8ms,p = 0.1, n; = 1 Vi, p; = p Vi. We vary the
second-hop average SNRfrom 1 to 20.

Consider that each source has an infinitely backlogged
queue. Fig. 1 shows the system throughput of the three
schemes. Our scheme and the scheme in [6] have much better
performance than the naive scheme. Wheis below 5, the
scheme in [6] achieves higher system throughput (for exampl
when p = 2, throughput of the scheme in [6] &% higher
than that of our scheme). When> 5, our scheme achieves
better throughput performance (for example, whegr= 20,

~

(o))

[4)]
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——Throughput (proposed)
——Throughput ([6])
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Fig. 2: Average packet delay.

throughput of our scheme i$4% higher than that of the our scheme), each transmission can have a higher rate, and
scheme in [6]). Fig. 1 also shows the average number ®ius, queueing delay in the system decreases.
second-hop probings per transmission in our scheme. TheDverall, an adaptive scheme can work as follows. By
number is not large, and decreases whencreases. normalizing the first-hop average SNR to Ibe the curves
Now we evaluate delay performance which is important f@f system throughput vs. second-hop average $Nfan be
delay-sensitive applications. Since delay-sensitivdie@iions numerically plotted off-line for our scheme and the scheme
often have periodic traffic arrivals, we consider that eagh [6], similar to plotting the two upper curves in Fig. 1. The
source has periodic packet arrivals with packet interalri intersection of the two curves gives a threshpid(which is
duration beingl0 ms. Each packet hd#)0 bits. Definepacket approximatelys in the example of Fig. 1). Then our scheme
delay as the duration from a packet arrival until the momerghould be used whemis more tharpt, and the scheme in [6]

when the packet is transmitted. Fig. 2 shows average packgRbuld be used otherwise. This adaptive scheme can achieve
delay in the three schemes. When= 1, the traffic load good performance in low to high SNR.

is more than the system capacity, and thus, the packet delay
is large in the three schemes. Whegrincreases, the system
capacity increases, and the packet delay decreasep.Fa, [l
the packet delay of our scheme and the scheme in [6] are
similar and are less thab0% of that in the naive scheme. [2]
This is because, by giving up transmission opportunity (in o

scheme and the scheme in [6]) and/or letting relays wait (in
3
1in this work, we focus on throughput maximization. Thus, reea with S
good average channel gains get more chances to transnairiess is also
required, the following modification can be taken. Firstsider animaginary
network with independent and identically distributed (i.i.d.) firop channels
with mean SNR being >, 7;)/M and i.i.d. second-hop channels with
mean SNR beingzg1 pi)/M. Then our scheme is applied to find optimal
strategies for the two hops. The first-hop strategy is to @mp,(n) with
a threshold that is common for all sources. We can calculseptobability
that a winner source will stop (the probability that the fiisp instantaneous
SNR is not less than the threshold), denotedva$hen, for the real network,
for the first-hop, the threshold for sour¢eés set up such that the probability
that sourcei’s first-hop instantaneous SNR is not less than the thresisold
equal toa; and if the first-hop decision is stopping, the relay keepsbimg
the second hop until a good enough second-hop channel isvelds@y this
setting, each source has the same chance in channel access.

(4]

(5]

(6l

(7]
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