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Abstract—Cooperative relaying has drawn great interest to allocation for cooperative relaying be optimally done? Are
mitigate the negative effects of small-scale fading in distributed new MAC protocols or extensions to existing MAC proto-
wireless networks. This paper analyzes radio resource allocation cols needed? The article [5] enhances slotted ALOHA with

in cooperative relaying with proactive relay selection. Due to the ti lavi d luates it f Hins
introduction of the relay into the communication link an over- cooperative relaying and evaluates Its perrormance g :

expenditure of resources can take place similar to the classical articles [6], [7], and [8] propose modifications to the IEEE
exposed terminal problem. In this work we derive the overall 802.11 Distributed Coordination Function (DCF) [9].
network throughput in two simple scenarios and determine the However, existing MAC protocols are designed to oper-
regions of pac_ket-error-rates where cooperative relaying yield a ate in a non-cooperative communication environment, and
throughput gain. . . . . .
simple extensions do not necessarily give optimal results
_Index Terms—Cooperative relaying, cooperative diversity, ra- for cooperative transmissions. Thus, optimization of uese
dio resource allocation, medium access control allocation and impact of cooperative relaying in networks
with more than three nodes are needed to be studied further.
I. INTRODUCTION In this paper, we discuss and analyze problems of resource

Cooperative relaying is considered to be an untapped mea#{gcation for cooperative relaying similar to the wellekam
to mitigate the negative effects of multipath propagation i€xPosed terminal problem observed in wireless networkis wit
wireless communications. It uses the well-known concept @fstributed control. The study shows that a new approach
spatial diversity in a distributed manner [1]. The basidding for MAC layer design is needed to optimally utilize radio
block of this emerging area is the relay channel (see Fig. I§sources in cooperative relaying.
a sourceS transmits a signal to a destinatiéh a third noder ~ The rest of the paper is organized as follows. In Section I,
overhears this transmission and relays the signddtdn this first the classical exposed terminal problem in wireless@d h

way, the broadcast nature of the wireless channel is erdloit"etworks is explained. Then we introduce the related proble
of resource utilization in cooperative relaying. In Sewtit, a

Relay performance analysis for two simple network setups is made.
Finally, Section IV concludes the paper.

/ \ Il. RESOURCEALLOCATION PROBLEM
@ N @ A. Classical Exposed Terminal Problem

The exposed terminal problem is a medium over-reservation
problem emerging from the lack of coordination among nodes
Fig. 1. Cooperative relay channel in wireless networks [10]. Figure 2 shows a classical exampl

of the exposed terminal problem. Nodé is out of trans-

The benefits of cooperative relaying have mainly beefission range ofC and D, and nodeD is out of range
studied from physical layer and information theory points @f 4 and B. Thus, during the transmission frol to A,
view. For instance, the articles [1] and [2] show perform@ngode C' could also transmit toD without disturbing the
gains in terms of outage and signal-to-noise ratio (SNRjther transmission. However, due to fRequest - t o- Send
Theoretical bounds for the relay channel capacity have be@TS) andd ear - t o- Send (CTS) handshake of the DCF,
derived in [3], [4]. such parallel transmission is impossible, as n&dblocks all

Only recently, efforts were made in analyzing the impagtansmissions in its range after winning the contention and
and requirements of cooperative relayiaigove the physical  sending anRTS message. Solutions of the exposed terminal
layer. One aspect in this research domain is to analyze h@oblem include the introduction of additional coordioati
relaying works together with commonly used Medium Accesaessages or tones (see [10], [11]).

Control (MAC) protocols: What is the influence of cooperative

relaying on MAC layer functionality? How should resource @4— ©—>@
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B. Resource Allocation Dilemma in Cooperative Relaying
In addition to the direct wireless link between the sourag an 4)(

destination, in cooperative relaying two other links aredis
source-to-relay and relay-to-destination. To achieve imak
benefit of these two relay links, a well-suiteedlay selection
protocol is needed. Generally, relay selection protocols can be <&
classified in two groups [12]:

« Proactive relay selection is performed prior to the direct @
transmission: a particular node is selected to listen to the (a) Scenario A.
direct transmission and relays the data when required. .

« Reactive relay selection is performed after the direct @ !
could correctly overhear the message from the source. & &

In this paper we focus on proactive relay selection and 4

illustrate the impact of its resource allocation on system ®
performance. In proactive relay selection a message is sent
7S
Lo

L

R &0

transmission: a relay is chosen from the set of nodes that
by the relay after theRTS- CTS handshake, confirming that
the relay is ready to listen to the direct transmission. &her
are different names for this confirmation message in the
literature (see [6], [7], [8]); in this paper, we call Rel ay @
Ready (RR) message. A relay always sends RR message (b) Scenario B.
to inform the source and destination that cooperative nedpy Extended exposed terminal problem in cooperativayied. Sce-

. . . . - Fig. 3.
1S pOSSIble. Also_ Ot_her ne|ghb0”ng nodes are notified ab_or'rﬁ'io A shows an asymmetrical setup with only one direct trassiom
the relay transmission. In order to allow the relay to reeeiexposed to the relay?. Scenario B shows a symmetrical case with both

the message correctly and retransmit it to the destinatid§nsmissions exposed to the cooperative relay.
neighboring nodes are required to remain silent for a aertai

time period. , transmission. In addition, nod® is also in the range of»
Once relay selection has been performed and the relay %’f is out of the range ofD,. In the case of cooperative

overheard the direct transmission, the acteigly ranSmission o |aving to ensure thak can receive the data message from
takes place. Two strategies are as follows: Sy, transmissions on linkl, need to be blocked, since a
» Fixed relaying. A message is always retransmitted byarallel transmission frons, would lead to a collision at the
the relay, independently of the success on the diragljay. However, at this point it is still not known whetheeth
source-destination link (see [6]). This approach has ratransmission from relay is needed. Barand D; it looks as
disadvantage of over-expenditure of resources. if the communication link betweef; and D, is expanded in
« On-demand relaying. A message is only retransmitted byspace and time, incorporating an additional node and pélysic
the relay, if an explicit or implicit notification (absencecommunication channels to it, so that previously hiddekslin
of ACK messages, timer expired) instructs the relay to, and L, become exposed to each other. If the direct packet
do so (see [7], [8]). Potentially, this approach uses thgansmission on; fails, the relay retransmits the correctly
radio resources in a more efficient manner. However, asceived message td;. At this time a classical exposed
there are certain time constraints for a relay to perforg@arminal problem takes place, ar is blocked to transmit
its transmission, the relay-destination link requires remgain due to the lack of synchronization. Until the packet is
source allocation in parallel with the one for the sourcorrectly received at the destination or dropped out due to a
destination transmission. time-out, transmissions betweeh and D, are not possible
A dilemma in the protocol design can be observed: in boslince their link is exposed to that expanded communication
cases radio resources are pre-allocated to the relay teatiyrr link of L.
receive and then, if necessary, to retransmit the data messa In Scenario B, a symmetrical example of the problem is
The necessity of cooperative relaying depends on the chanpeesented. Nod& is used as a cooperative relay on both links
quality on the direct link. Basically, a cooperative resans- L; and L. Clearly, in such usage of the relay only one of both
sion is needed only when the direct link fails. transmissions is possible at the same time. In both scenario
Figure 3 shows two simple scenarios, where nodes areaddition to classical exposed terminal problems, exend
located at such distances that transmissions on linkend blockage of neighboring transmissions by the relay node
L, can happen simultaneously without disturbing each othtakes place, although the need for cooperative retrangmiss
if cooperative relaying is not employed. While the scenariaggmains probabilistic in nature.
are very simple, they provide an important insight into the
resource allocation problem in cooperative relaying. Ill. PERFORMANCEANALYSIS
In Scenario A, nodeR is in the range ofS; and D;. In our performance analysis we focus on data packet trans-
It is proactively chosen to assist as a relay to the diregtissions on the MAC layer. Data throughput is measured




N

in packets/s. We assume that the size of data packe o ,=0; no cooperative relaying
the same at all sources and that all sources have alway 8 oo e P,=0; cooperative relaying
least one packet in their queue ready to be sent. We do
specify the size of data packets, since it is not relevant
the general problem presentation. We assume that the dh:
occupancy time required for overhead (e.g. contention
medium, collision resolutions and control messages) ishm
smaller than that required for data packets transmissiod,
is neglected in our calculations.

We consider a decode-and-forward relaying scheme, wl
the relay needs to successfully decode the message fo
transmitting it. There exist various techniques to re-elecihe
message at the relay before forwarding it further to theide
nation. In this work we assume the message is retransm 0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
by the relay at the same rate as it is received. oo e PIE()ﬁSpl pe o ee et

In this study we do not consider any packet combinii.y
technique, although it can give an additional SNR gain &ig- 4. Overall system throughput for Scenario A. Maximabtighputs on
the receiver. The reasont.to igntore packet cqmzining isI rhaﬁiirregéé';‘:faﬁ\ﬁ ?;g;ﬁ'g‘jv% ;eﬁzciyléggrr_\]freesedreeﬂ;fd’b;ft:pzfs'b'e cases
our scenarios a cooperative retransmission is done onlypwwhe
the direct transmission fails, usually due to small-scatérfg.

Normally, before combining, the received packets are wegh =

according to the channel conditions they came through. Thifs'S given by

the _packe_t .received via a very bad ldire_ct link is discarded to pr=1—(1=pre1) (1 —prra). 3)
avoid additional errors during combination.
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However, a direct comparison of cooperative and non-
A Scenario A cooperative cases is not fair, since the former implies an

. A ) additional retransmission of the same data packet after the
Let us study Scenario A in Figure 3 first. We assume thaly,re 7o reflect that data transmission takes on average

links L, and L, have maximal achievable throughpilit and |, "times longer when cooperative relaying is enabled, the
T,, respectively. If average packet error rates (PER) on “ﬂ@rma is introduced in (2):

links L, and L, are p; and p,, respectively, then the total

system throughput without cooperative relaying is: a=1+p. 4)

T=T(1-p)+To(1—p2). 1) We assumd’; = T, which is generally true if nodes have
game transmit characteristics. Without loss of generaivgy

RL;, and RL, have such maximal channel capacities th AN normallzg throughputs in the following & = T n L
theoretically they are able to satisfy the traffic demanadnfro. Irst we consider the best possible case for cooperatiag-rel
the source. All PERs are uncorrelated to each other. ing with p. = 0.

If the direct transmission succeeds, the cooperativeirejay Figure 4 shows system throughput versus PERand
is not used and a new contention for the medium access stafferent values op;. It can be observed that even when both
If the direct transmission fails, packet retransmission aby direct links are error-freepf = p, = 0), and cooperative
relay is performed only once in the following time slot. Iff€laying is not needed, the overall throughput in the case of
the cooperative relaying also fails, the data packet isiedp Cooperation corresponds 894 of the throughput in the non-
out of the MAC queue. We assume the probability for eadglaying case. Transmissions g are not allowed while5; is
link to win the contention for the medium access5is%. As ~transmitting to ensure the relay receives its copy of th&giac
a result, the total throughput of the presented setup dsnsiithout interference fronb.
of two parts that are weighted with coefficient 0.5 according On the other hand cooperative relaying can significantly
to the averaged contention outcome.Si wins the channel improve throughput atD; when p; is very high. During
contention, it proactively chooses node as a cooperative cooperative relaying, a relay takes all space-time ressurc
relay, which then transmits aRR message and blocks theaway from link L, and allocates them to help on the direct
transmission fromf, until the cooperative transmission f,  transmission onl;. Let us thus study how efficiently the
is over. If Sy wins the contention, linkl.; can be also used resource redistribution is done by cooperative relayingg W
simultaneously but without cooperative relaying via The defineTST andTp, as achieved data throughput at the desti-

Using cooperative relaying, we assume that relay lin

resulting average system throughput is: nationD; with and without cooperative relaying in the system,
L respectively. The efficiency’4 of resource reutilization for
Ta = 3(Ti(1=p1)+To(1—p2)) (2) Scenario A is defined as:

+ 32 (A=p)+5p (1 =p). A TSE-—Tp,
Es 2 -2

o . : — 2 TEE> T 5
The termp,. indicates the joint PER of the path via reldy Tgf —Tp, Dy =2 ®)
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Fig. 6. PER conditions according to inequation (6). Curvelcate borders
for particularp, above which cooperative relaying is more beneficial in the
overall throughput than direct transmissions only.

Fig. 5. Efficiency of cooperative relaying in resource aélion in Scenario
A. A perfectly error-free relay link is assumed assumed~= 0.

The defined efficiency metrié&Z4 cannot be used when co- )
operative relaying results in throughput degradation Ion WOrsens the overall throughput. We observe that cooperativ

(TS® < Tp,), which is valid whenp; < 0.5. Throughputs at relaying can never be beneficial for overall throughput when

destinations are calculated in the same way as in (1) and (2).= 0-75, which can also be seen in Figure 5. In addition,
Table | explains main value regions fét,. Only if £y > 1 cooperative relaying cannot provide any throughput gaiewh

cooperative relaying improves, more than it degrades on?r < 2(p1 —0.5), since then cooperative relaying uses more
Lo, and thus an increase in the total throughput is achievefeSources than direct transmission.

TABLE |
EFFICIENCY METRIC B. Scenario B
Value of E4 Explanation Following the same assumptions as in Scenario A, we derive
FEa>1 CR improvesL; more than it degrades. overall throughput for Scenario B in Figure 3. The link wigin
Es=1 CR improvesL; and degrade&, equally | the contention first reserves the channel for the cooperativ
0< Eq <1 CR improvesL; but degrades., more relay, which blocks transmissions on the other link. We have

1 1

Figure 5 shows the efficiency of cooperative relaying in 1+1”1 . ((1 P+ fpl 1 pm)) )]
reusing resources taken fro,. Two aspects can be ob- ‘15 T2 (L= p2) + 3p2 (1= py2)) -
served. First, the efficiency metric grows with growipg |n a similar manner ag, in Scenario Ap,; andp,» represent
on L,, because blockage of a bad link does not harm thgint PERs on paths via&k when the relay cooperates with
throughput on it as much as blockage of a good link. Second, and L., respectively. To simplify the analysis to the best
efficiency improves with growing, on L, since cooperative performance bound of the cooperative relaying, we assume
retransmission byz is more probable. ideal conditions on all relay linksp,; = p,o = 0. Figure 7

We should again notice that for results in Figures 4 anddmpares overall throughputs with normalized traffic destsan
ideal channel conditions for relay links are assumed. Hewevigr Scenario B with and without cooperative relaying. As
for a more realistic analysis it is necessary to study how tl{¢ Scenario A, cooperative relaying decreases the overall
system performance changes when all links are not errgfroughput substantially when the PERs on the direct links
free. By comparing (1) with (2), after some mathematicglre good. In case PER on one or both direct links is high
manipulations, we can determine the PER conditions at whighough, the blockage of a bad direct link does not harm the
the cooperative relaying becomes more desirable for dverglerall throughput that much, and, in addition, coopeeativ
throughput compared to conventional direct communicatiofelaying improves such bad links significantly. That can be
We obtain: seen again in the efficiency metric in Figure 8. Due to
2 —2p? + 3p1 + p1pr 5 symmetry, resources are especially efficiently reused|éast

2(1+ p1) ‘ ®)  one of the dir_ect links is b.ad. Sincg in this scengrio botkdlin

Figure 6 illustrates this inequation for some values of tt{%ﬁetg:;?se#i;;%g;?geg;tgﬁailgy;;gaagirglooﬁklcvgoe:fﬁsirg:éy

parameterp,.. For a givenp,, the area above the curve . . . .
: . metrics corresponding to each relaying case separately:
corresponds tdp,, p2)-pairs where the use of cooperative re-
TCR _T TCR _-T
A 4Dy D, + D» Do

laying results in improved overall throughput. Areas betbe 5. A
curves correspond to PER values where cooperative relaying B o o

N[ N[

TA>T<:>p2>
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Fig. 7. Overall system throughput for Scenario B. Maximabtlghputs on
direct links are normalized = 7> = 1. Curves depict best possible cases
for cooperative relaying with perfectly error-free relayks, p,,1 = pr2 = 0.
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Fig. 8.
nario B. Perfectly error-free relay links are assumgd, = pr2 = 0.

Similar to F4 in Scenario A, the definition ofvz applies
only when both components are positi@gﬁ > Tp, and

THE > Tp,; ie., whenp; > 0.5 andp, > 0.5.

C. Summarizing the Results

Efficiency of cooperative relaying in resource aélion in Sce-

deep fade. As a result; andp, are lower and cooperative
relaying is less beneficial or even disadvantageous for the
overall throughput.

In the approach presented above a higher priority for
transmission is always given to the cooperative relay. The
results show that cooperative relaying is not needed fort mos
transmissions. Therefore, resource allocation for relaksl
is only necessary when the direct link is rather bad. How to
modify the MAC layer according to such channel estimations
is a question for future research. A direct approach is te giv
a higher transmission priority to direct links. So if the sm
S, receives a reservation message fr@nit does not change
its transmission behavior, and sends out a data packet feom i
gueue. Then, of course, a collision Atcan happen and relay
retransmission is not possible. However, hidden diredtslin
can be used simultaneously.

IV. CONCLUSION

In this paper we present a problem of over-expenditure of
radio resources in cooperative relaying. The problem agpea
when proactive relay selection schemes are used, for egampl
as modification of DCF-based MAC. Our study shows on two
simple scenarios that depending on channel conditionsdof in
vidual links cooperative relaying can significantly desethe
total network performance. The results are expected to &e ev
worse if MAC overhead is taken into account. To overcome
this problem and use cooperative relaying efficiently, dadoet
approach of radio resource allocation needs to be developed
and analyzed also for more complex network scenarios.
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