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Resource Allocation and Relay Selection for
Collaborative Communications

Saeed Akhavan Astaneh, Saeed Gazor

Abstract—We investigate the relay selection problem in a net-
work where users are able to collaborate with each other; demde
and forward the messages of each other along with their own ; N -
messages to the destination. We study the performance obteid 4 N -7 /
from collaboration in terms of 1) increasing the achievablerate,
2) saving the transmit energy, and 3) reducing the resourcdifne- . -7 N
bandwidth) requirement. To ensure fairness, we assume thahe i 13
transmit energy to the rate ratio is fixed for all users. We albcate PP N ¥
resource optimally for the proposed collaborative protocd (CP)
and compare the result with the non-collaborative protocol
(NCP) where users transmits their messages directly to the

destination. The collaboration gain allows us 1) to decide iether Fig. 1. A collaborative network, the channel energy gainveenith and

to collaborate or not and 2) to select one relay among the paoibde
relay users. We show that a considerable gain can be obtainefi
the direct source-destination channel gain is significaryl smaller

4% user is denoted by;;. Consider three scenarios: 1) th& and the2nd
users transmit to the™d user, 2) thelst user transmit to th&*d user and
the 224 user broadcasts to t&#d and the 4th users, 3) thest to the 379,

than those of alternative links. We demonstrate that a rate ad  the 24 and the3™ to the 4th.

energy improvement of up to (1 + ¢ kiﬂ can be obtained,
where 7 is the environment path loss exponent and: is the ratio
of the rates of involved users. We also show that the collabation

is only beneficial for the middle range rate ratio. been investigated recently and several interesting methadke

been proposed to choose the best relay among the potential
relay users using different optimization criteria, for myae
the error rate in [4], [5], energy consumption and network
lifetime in [6]-[8], diversity gain and outage probability
[9]-[11], the pricing technique in [12] and convex optintipa

In wireless networks, the main interrelated quantities are [13]. In all these references [1]-[13], it is assumed that
achievable rate, transmit or receive energy and efficiengye relay node provides free service to the source which is
of resource. Many recent results, e.g., [1]-[3], show thabviously beneficial to the source. Following [14], we study
collaboration among users in wireless networks, depenaing the problem of relay and protocol selection using thre@ist
channel condition and available energy, may increase tiee raate, energy and resource. In addition, to capture fairness
save on the energy or reduce the resource requirement. Hafong users, we assume that users will assist each other in
we ask the questions: Depending on channel condition arglaying only if they gain from such a collaboration, thus
available energy, when collaboration is beneficial?, whiat ahose users having no data to transmit will not engage in
the involved gain or loss from possible collaboration?, anglich a collaboration. In contrast to [14], as it is important
how to select one relay among the possible candidates?tdRe into consideration the different rate demands of wrio
order to answer these questions, we consider a networkugkrs, we introduce a new priority parameter. This paramete
users intending to send independent information to a tleir cis imposed by an upper layer in order to determine the ratio of
responding destinations (see Figure 1, for different stesla rate demands of involved users in the network. The motiuatio
We propose that users assist each other only if in a fair W&y, tof this approach is to provide differentiated/prioritizstvices
collaboration offers benefit in terms of rate, energy orvese. (see [15]). In this paper assuming that a rate ratio is peavid
Here, the notion of fairness means that the achievable oditesy the upper layer, we either maximize the achieved rate,
different users would be proportional to their energy levelminimize the energy consumption or the resource utilizatio
We evaluate the effect of proposed collaboration protoeol 0 The remainder of the paper is organized as follows. Next
system performance and then, based on the achieved gaif@r present the system model and present the protocols in
loss, present our protocol and relay selection. Section Il. In Section Il we study single relay networks and

Most of the existing CPs, e.g., [1}-[3], implicitly assumgnyestigate the rate, energy and resource improvement from
that arelay is already chosen, although, selective scheawes ossiple collaboration. We then provide conditions on the
location of the relay user for collaboration to be beneficial
In Section IV, we present our relay selection protocols. Ex-
tensions to the general network with multiple source analyrel
topology are discussed in Section V. Finally, in Section \& w
give our concluding remarks.

Index Terms—Collaboration, relay selection, resource alloca-
tion, rate improvement, energy saving, resource efficiency
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Manuscript received October 23, 2008; revised May 8, 20@@epted
August 25, 2009. The associate editor coordinating theewevof this
manuscript and approving it for publication was Dr YoungaCKo.

Authors are with the Department of Electrical and Computegifeer-
ing, Queen’s University, Kingston, Ontario K7L 3N6, Canadagazor, as-
taneh@queensu.ca.


https://core.ac.uk/display/357547223?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Il. SYSTEM MODEL AND PROTOCOLS for applications in which energy efficiency is critical [19]
Fixing the transmit-energy-to-rate ratio among all usessi¢h
Consider the first scenario in Figure 1, where we assUmeway to guarantee a fairness in network [19], [20]) does
that the 1** and 2"! users wish to transmit independenpenalize the nodes with higher channel gain versus other
messages respectively with rat@s and R, to the 3! user nodes. However, this approach can be deemed as fair since
over an additive white Gaussian noise channel and2tfe from a consumer perspective, users can control their rate
user may also assist th&" user to transmit its messages to thgemand versus the required transmit energy and have no

3 user. Let denote the channel gain of the communicati@Bntrol over their channel gains. The faimess constrdsu a
link between thei'" and j*" user byh;;. We assume that can pe recast as

the gain of all the channel links are perfectly known to all Ry €5 ot

the receivers and transmitters. Thus, users need to acquire RO= o= k. (2)

their channel gains via efficient channel estimation athars ! “

(see for example [16]) and make it available for all otha¥hich hereafter we denote as the rate ratio and as a design

users. To this end, we assume that collaborators couldligiti Parameter imposed by upper layers of the network such as

exchange messages to establish a collaboration protofmsebe MAC layer.

main data streams are transmitted. Apparently, such egelsan We consider a half-duplex communication network where

consume a fraction of the available energy and resourchign t€ach user can either transmit or receive (but not both) at

paper, we ignore the extra cost induced by this communicati®ny time and any frequency band. Throughout this paper, we

overhead. In addition, upper layers, such as MAC layer, miggnsider two following communication protocols:

be intelligent (see [17], [18]) which is beyond the scope of « Non Collaborative protocol where users transmit directly

this paper. to the destination via a resource (time and frequency)
When the users collaborate, the network is a multi-hopping division method.

network where one user receives the messages of another user Collaborative protocol where over the first resource slot,

and forwards the decoded messages to the intended receiver the 15 user transmits its message and th¥' user

as well as its own messages. Otherwise, they form a multiple decodes the message of th& user. Then, over the

access channel, i.e., they transmit directly to the recaiize 274 resource slot, th@"® user re-encodes the decoded
a resource sharing method. message of thes® user in conjunction with its own

We assume that users transmit via a resource division message, the"! message, and broadcasts the encoded
protocol where the" user can transmit over a portigs message.

of available resource (by resource we mean the productlafthe CP, the2"? user consumes a portion of the available
used time and bandwidth, i.e3 x T.) Using time/frequency energy to relay for thelst user. In return, the2? user
division requires perfect time/frequency synchronizatitn may be compensated by receiving more resource. The more
this paper, we ignore the required overhead to achieve thésource implicitly allow users to save on energy. Theesfor
synchronization and assume perfect synchronization. €he an incentive for engaging in a collaboration could be access
ceived energy to noise ratio within the resource 8ig87" can to excess of resource.

be expressed ﬁj ’éf’T, whereE; denotes the transmit energy

of thei*? user andV denotes the received noise power. Unless [||. COLLABORATION IN SINGLE RELAY NETWORKS

otherwise stated, we consider the case where the availabl?n the following we study some properties of proposed pro-
resourceBT is unit, i.e., BT = 1. Let define the ratio of 9 y prop prop P

; : . g, tocols and investigate upper and lower bounds for achievabl
transmit energy to received noise power (TERNkas =t. . .
4 A N rates. We use the Shannon capacity as the performance metric
Thus, the achievable rate for the ugds given by T : .
In order to justify this assumption, we assume that user eynpl
R; = f; log (1 n 1361) ' (1) a capacity-achieving channel coding.
Bi
To pose the fairness issue in a multi-user communicatiédn Non-Collaborative Protocol (NCP)
network, we first need to define a fairness constraint. Most| thig protocol, duringl®* portion of resource slot, i.e.,

data applications are sensitive to error but tolerant taydet 31, the 15t user transmits its message. The receiver, IHe
IS (;Ielca\r tr;at ahhlgher S|gnfal;]to-lnter.ferencl:ltle— plus'nl“lﬁ&f:'?) user, decodes this message correctly for a maximum rate of
ratio level at the output of the receiver will generally ri¢sn . ;

P 9 y Ry = (B log (1 + %) . In a similar manner, the maximum

a lower bit-error rate, and hence higher throughput. Howeve N _ .

achieving a high SINR level requires the user terminals fgt€ of the2"< user which could be decoded reliably at the
transmit at a high power, which in turn results in low battery™® user isRy = 32 log (1 + %) Since, we assume that
life. However, similar to [19], [20], we impose the constriai one unit of resource is available, i.g;, + 3; = 1, hereafter,
# = cte in order to maintain the fairness in the networkve denoter; def e, €2 = ke, (1 def g andfs = 1 — 3. Hence,
for all users. This constraint ensures fairness among wusersyve get the following optimization problem for NCP:

the energy spent by users is proportional to their demand
for rate. This constraint captures the tradeoff between the Fxer = mf}X (F1(B) + B2 (1= 5))

throughput and energy consumption and is particularlyablet S.t. g—f =k

®3)



whereRncp is the achievable sum rate of users @d(5) = and (7a) for these achievable rates.

5.103 (1 + %) and R; (1 - 3) = (1- ﬁ). log (1 + %’?) . R %1og (1 + khase) log (1 + hise) (72)
Smcg R; (B) and Rs (1_ — p) are increasing and decreasmg NCP Tlog (1 + khase) +log (1 + hige)’
function of 3, respectively, the solution of the above opti- ] . o
mization is the unique solution of the following These bound are tight for high TERN— oo; this is the
case where the noise power is negligible compared with the
BRnep = (k+1)Blog (1 + %) received signal powers. In high TERN regime, the available
k+1 (1-8)lo (1 + hzgke) (4)  resource is allocated to the users receive in proportioh wit
Tk & 1-8 )" their rate demands, i.e.Jim 5 = 5. The lower bound

The optimal resourc@; as a solution of (4) is a function of in (7a) is obtained the intersection point of the two lines

hi; ande. However for ease of notation and abbreviation, weonnecting end points of the rate curves

denote the optimal resource only Iby. Using the same approach, we can find the bounds in (8a)
and (8b) for the achievable sum-rate of the CP

k_il lOg (1 + kh236) 10g (1 + h126)

= log (1 + khaze) +log (1 + h
In this protocol, over the** portion of the resource slot, i.e., _k“_ gF 2¢) _ 8 126)
£, the 1s¢ user transmits its messages at r&e During this  which are tight in high TERN regime.
time, The3™ user is switched off and thus ignores the received From (7b) and (8a), it is easy to see thiah,_, gj’(fp >

signal from thel®* user. The2"? user attempts to decode theftl. In addition, from (8b) and (7a), we can see that

5t i i Rc k+1 : Rc _ k41
messages of the’* user. Hence, the maximum achievable ratgm, AR < H Thuslim,_ Boe. = ol Thus the

for the 15 user is expressed d2; = Blog (1 + %) Over sum rate gairﬁ% is smaller than one in high TERN regime;

the remaining portion of resource slot, i.e 3, the2" user this means that where large amount of received energy t@ nois

re-encodes the decoded messages of thaser and transmits ratio is available the collaborative schemes are not difeac

the messages of the* user as well as its own messages to In Appendix A, we also derive the tight bounds in (9a) and

the intended destination. In fact, during this time, #& user (9b) for low TERN regime (small values @}

must transmit at rgte oFJ,g—le to .accommodate both da‘Fa. Rxop < min {1Og(1 ¥ huse) 7%10g(1 i kh23e)}

The maximum achievable rate which may be decoded reliably < emin {h13, has ).

at the3 ! user isR, = 2= 109 gl + hl%’;f) . This yields
I

k+
the following max-min resource allocation problem:

B. Collaborative protocol (CP) R

(8a)

CP

(9b)

In addition, the achievable rate is also lower bounded by
two end points of the curves. This upper bound is tight in low

Rep = ngbX (R1(8) +R2(1-0)) TERN regime, i.e., where the received signal is dominated by
st Bz — ®)  noise power. From the above, we conclude that
A,
where Rcp is the achievable sum rate of users which will be lim Rnop = min{his, hos}. (20)

compared withRycp. In a similar way, the optimal solution €07

is the unique solution of the following equation with regpedSimilar to the non-collaborative case, we derive the foilayv

to G: upper and lower bounds for CP:
N Thus, we conclude that
Rep = (k+1)8log (1 + T) © R .
. CcCP __ .
— 1=t (14 ). iy 1 Al 02

Similar to the NCP, for ease of notation, we merely denofy combining (10) and (12), we get the following result

the optimal resource by;. .
p i . Rep  ™min {hlg, k—_]f_lhzg}

e—0t RNcp o min {hlg, hgg}

(13)
C. Rate Improvement for Given Resource and Energy In addition, It is easy to show thag?—NCcPP is always smaller
In this section, we define the collaboration gain as the ra‘iiﬁan min{h1o, 2y has } ie Roe < min{h1z, 2y has } This
i gcp min{hiz,ho3} ' — min{hi3,ha3} " .
_(I)_Lgchletzyable sum r?tethof thehQP tglthat of th? NCP’ 'R%Naﬁ]; tmeans that the rate gain can be greaterléchéiw unity only if
is ratio represents the achievable sum rate improvenfento = min{h1z, has 2 }. In this case, the maximum rate gain
these protocols. We derive tight upper and lower bounds a o h h o+ . . .

. . . . me{# +—2—1) is only achievable in low TERN regime.
study the asymptotic behavior of the collaboration gairoat | his? Efinis ) i ] _
and high TERN and rate ratio. Now, we examine the collaborative gain when the rate ratio

Since R;(3) and R, (1 — 3) are increasing and decreas!S [argg. It_ is easy to see that for large the optlmalﬁ,_
ing convex and continuous functions 6f respectively, the which is el_th(_ar th_e solution of (4) or (6), tends to zero,,i.e.
maximization (4) is guaranteed to have a unique solutioff. — 0- This implies that more resource should be allocated
Unfortunately, this solution has no closed form expressioff the higher demanding user. Hence, it is easy to show that

_ _ _ . log(k) o Plog(k) - :
In Appendix A, we derive the upper and lower bounds in (7} =5~ Rxcp = Jim =5~ Rcp = 1. Then, it follows




log(1+h13(k+1)e) klog(1+hag(k+1)e)
. (1= T —log(1+his (k1)) ) (1= rmpstare —log(1+has (k+1)e)) -
NCP < (:+D) n k(D) (7b)
(1- T —log(1+his (k1)) ) (1= rmpstare —log(1+has (k+1)e))
log(1+h12(k+1)e) 4 (k+1)log(l+h23 k(kijf) e)
R (1‘m—10g(1+h12(k+1)6)) (1~ crmgg e ~los(1has " )) (8b)
oP < k2 N (1) (+2)
(1= rrrrterme ~loa(+h12 (k1)) (7 gu—)))
1+hog FES) €
Rxcp > 62h23+2h13—hf35—kh§35—\/4(}123—h13)2-§:2(h§3+kh§3)2+4e(h23—h13)(h§3—kh§3). (9a)
Re, < min {10g(1 + hize), gy log(1 + khage) } < emin {hus, ghshas | (11a)
7. 26
R o b2 hye i Ja- )+i(h%2+(’“’ 2)") e (K —a) (- (520)?) (11b)
that problem (16) is the dual of (3) and (5). This means that
. Recp under similar channel gains, the TERN collaboration gain
Jm Rnor 1 (14) (i, the ratio of TERN in NCP to that of collaborative one

ENCP) obtained from (16) is the same as the rate collaboration

On the other hand, it tends to zero (where the rates of the¢
1% user is larger than the rate of thed user), the optimal galn from (3) and (5). More specifically from this duality, we
9 P conclude that

for NCP tends to unity, while for CP tends to zero. Thus, the

collaborative gain for small values @f i.e.,k — 0, is excp | Inin {h12, kLthg}
17
im 1 Rep _ haze (15) €cp min {hig, hes} (17)
k=0t k Rnop log (14 hage) Similarly, the maximum gain is obtained when the rate demand

It follows that for small enough rate ratio the achievablerais small, i.e., ask — 0.
of NCP is strictly greater than that of CP, i.Bycp > Rcp.

D. Energy Saving for Given Capacity and Resource

In the following, we are interested in quantifying the=: Resource Efficiency for Given Capacity and Energy
advantage of the collaboration in terms of energy saving.
This is in contrast to the previous section where the rate |5Let 51 nep (Bicp), denote the required resource for the
maximized provided a fixed amount of available energy. Her&", i = 1,2, user to transmit its own information? and
we assume that each user requires some specifiediraad kR (R and (k + 1)R), under TERN constraints of and ke,
has to allocate TERN proportional t8;. In order to meet respectively, in NCP (CP). We also define resource efficiency
these rate requirements, users may collaborate (or nogeo @s 3 Bxce wherexcp and Bcp are solution of the following
available resource efficiently. Given a unit of shared reseu equatlons

we minimize the TERN as follows hiae Ba,ncp e
min ecp h= ﬁl ner log (1 + A 1NSCP) 8 log (1 + B2 NCP) ’ (18a)
' Bncp = PiNcp + P2 NeP,
CP - stR =

R = B1,cp log (1 + ﬁhl]—é;) ﬁszlp log (1 + ﬁhzzf;) ’ (18b)

Blog (1 + _hlzch) (16a)
{ Bcp = Bi,cp + B2.cp.

= Lbjog (1 + —’”ffeﬁcp)

min eNcp,

Note that we have feasible solution only iR <
NCP - stR = ﬁlog (1 + BECP) (16b) emin{h13,hg3} for the NCP andR < Emin{h127h23ki+l}
_ k+1 8 1og (1 T hzaké;?) for the CP. As the required rates approach these upper bounds

the resource usage tends to infinity. In both protocols, due t
Since the rates in (3), (5) are monotonically increasinfe fairness constraint, the user with the worst channelindt
functions of TERN, thus, it is easy to show that optimizatioa larger amount of resource.



F. Effect of Network Geometry 0.5h13¢ versus location of the relay node. We observe that

for a given required rate, depending on the relay channel

In the following, we investigate t_he |mp_act of the_ Iocatlo%ondition, the resource gain is greater than unity. We have
of the relay user on the collaboration gain. In particulag, w

that the sianal att tion | db noticed that for small rate ratié, CP provides more gain
assume fthat the signa attenuation Is governed by geomeiiye s of resource usage. In addition, for small rate ratio
of users ash;; = 7,7 on two dimensional plane, wherg;

) i the best location for relay user is almost in the middle of the
denotes the distance between {HEand_] users. In order to gqrce and destination users. Figure 6 shows the energy gain
understand the impact of users relative locations on the cgf ihe Ccp compared with the NCP, i.&XC2 (16), for a given

- . . . . .. y 1Sl ]
laboration gain, we investigate the region where transoniss required rate off — 0.09%,5 versus the location of the relay
via collaboration provides more gain. We assume that in thgge. Employing the CP, we obtain significant energy savings
two d|menS|o?aI plane, the source, relay and destinatien af.en for; = 3, provided that the relay is located appropriately.
located on(—3,0), (z,y) and (51’ 0), respectively. Plugging |, addition, we observe that for higher rate ratio (see Fidi)r
the channel gains ag; and {—ay INto the equations (4) ysers benefit less in terms of resource efficiency. We deduce
and (6), we obtain the rate improvement of both protocolfat only users which are interested in resource efficiemity,
as a function of geometry of relay user. Figure 2 depicts thess rate requirement, can gain from possible collabaratto
region where collaboration provides more benefit, i.e.réte s interesting to note that the CP provides rate/energy gain
of CP is more than that of the NCP. This figure also depicfgen fory = 2, by contrast, for such a smalf there is no

the contours of rate gain, where the ratio of achievable raigin in rate/energy if the relay has no information to traitsm
of protocols is fixed numbers (we plotted for the rate 9aiNgaditional multi-hopping) [3].

of 1, 2 and 4). We observe that as the rate ratimcreases
the collaboration contours enlarge. Further increasiegréte |\ CoLLABORATION IN MULTIPLE RELAY NETWORKS
ratio, the gain contours reduce. It implies that if the useth

middle rate demand have incentive to collaborate with otherIn the following, we propose our re_Iay seIecuon_protoc_oIs
USers. based on the collaboration gain which is introduced in resi

. : . . . se]'ction. We use the channel gains to select one relay ameng th
Since the channel gains are symmetric in two dimensional _. o . .
available relay users to participate in collaboration. Végen

space, It Is clear that the optlmal_ relgy user lies on the lin at if the NCP outperforms the collaborative one, we fall
connecting the source to the destination. We observe tleat .
ack on the NCP, i.e., no relay user would be selected and

ggln contourf, arelilrf)proxwrla:lely t?ﬁ, |nt.ersect|on.s of tves the source sends its information to the destination diyectl
with the radii (9c)/" and (*gc) " with gc being ge = Otherwise, the source employs one relay in forwarding its

Ro , :
Txer - 1N Order to find the optimal placement of the relay US§htormation to the destination. The main objective of the
we examine the equation (13). Itis easy to see that the optim,hosed protocols are to achieve higher collaboration, gai

location is higher rate improvement, energy saving or resource effigien
_ 1 while guaranteeing fairness for all users. However, indarg
d=———=7~ (19) . L
14 (L) /n networks, the cost induced by communication overhead must
k41 be considered in future works.

where at that point the maximum rate gain of

R —\" A. Relay Selection: Rate Improvement and Energy Saving
LT <1+ \/ 77— (20) First, we consider the rate improvement as a criterion
Rncp kE+1

to select the best relay. As shown in previous section, the
is achievable. energy minimization problem is dual of the rate maximizatio

Clearly the optimal location lies on the line connectingroblem, hence the relay selection protocol holds for the
nodes 1 and 3. We now assume that all three nodes are on a@tefgy saving as well.

dimensional line and are located at®and 1, respectively, The resultin (13) is very intuitive and suggests a strategy i
i.e. hiy = %, his = 1 and hyy = (17;@77' Figure 3 shows deciding to use collaboration and to choose a relay user gmon
the resulting ratio of maximum achievable rates using the ¢f¥e potential candidates. Given the full CSI, collabomatio
and the NCP versus the location of the relay ndde [0,1] Protocol is preferred it < 1 andhiz < min{f1z, hos 77 }.

for = 3. As intuited from the upper bound in (20), forln order to maximize the rate gaig, the best relay user is the
higher rate ratid:, more gain is expected (see in Figure 3(a)bne that maximizes th@w.

however, as depicted in Figure 3(b), for large enough avigila The results in (14) and (1135) also provide an attractive
energy of users, the collaboration gain degrades as rate ratguideline that for low and high rate ratio, NCP is preferred.
k increases. Figure 4 presents the rate improvement from TRe equation (19) implies that the best relay user, in order
and NCP protocols versus the rate ratio of useftd/e observe to maximize the rate gain, is located almost in the middle of
that for small rate ratio, the rate improvement is zero and fehe source and destination users. We observe that undeeseve
large values oft, the rate improvement tends to unity whictpath loss, users benefit more from the proposed collabaratio
also confirms that for high rate ratib, the collaboration is relative to direct transmission. Ochiai, Mitran and Tar¢®h

not beneficial. Figure 5 depicts the resource gain of the GRowed the same result in the context of diversity gain which
compared with NCP, i.e.% (18), for a required rate of is not in the scope of this paper. This result also appears
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very attractive that, in contrast to traditional multi-hpdpg,
appropriately designed collaboration can provide a sicguift

rate gain (see e.g., [3]). Figures 3(a) and 3(b) confirm the
above results. This indicates that the best location fordtey

user is in the vicinity of the midpoint between the transmitlfi "
ter and the receiver pair. This means that by appropriat(;ll}/2 = 1 h

1
=1, haz = 1—a)7

selecting the relay user, we efficiently take advantage ef tf) _ 3 anq different TERN values — 0.01,0.1 and 1.

geometrical distribution of users. A relay with optimal &ion
almost achieves (13), which serves for relay selectioneNot
that by selecting one relay, the multiple relay network lmees

O = L
107 10° n 10°
< at1 — 12
rate ratio, k = o
Effect of rate ratiok on rate improvement,}f NC(;’P, (4), (6), for

for a fixed relay locatiord = 0.5 for



(Figures 5) shows that the best location for the relay user
is almost in the middle of the source and the destination
user.

« Collaborator selection: Similarly, we can use the resource
usages for the criterion to select the collaborator among
multiple feasible candidates.
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V. COLLABORATION IN GENERAL NETWORKS
0.2
We can extend the proposed protocols to the general

0 02 0‘.4 0.6 0.8 1 networks where more than one (relay) user are available
Location of User #2 to relay the messages of multiple users (as source users)
toward the different destinations. As we have shown here,
Fig. 5. Ratio of resource usage in CP and NEREE (18) forhiz = 7. we focus on one relay system and look for the best user
Iz =1 andhog = r7—g5 Versus relay location for a required rate of t serve as relay to maximize the achievable rate, minimize
R =0.5h1ze,n =3 andhize = 0.01, andk = 1,10 and 100. the energy consumption or utilize the available resourceemo
efficiently. To this end, we provide a rough guideline that
10 f f f ‘ if direct link channel gain is smaller than the other links,
e often the CP outperforms the NCP. Otherwise, if a fixed
rate is required, the feasibility of different scenariossinu
be verified. Among feasible solutions, we must choose the
protocol and relays which provide maximum rate, or maximize
savings on resource (18) or on energy (16). For CP, a relay
among possible candidates must be selected which maximizes
mln{h23k/(k + 1), hlg} > h13.
For example, suppose that in Figure 1 tti€ user wishes
i to send data to th&™ user, while the2"? user wishes to
105, 02 0.4 0.6 08 1 broadcast independent messages to 3tfe and 4t users.
Location of User #2 Using this guideline, the™d user can collaborate with the
1%t user via acting as relay (the more information, the more
Fig. 6. Ratio of energy usage in CP and NCRGE (16) for b1z = Z7.  incentive to collaborate). In this example tB&' user has
hiz =1, ho3 = (1771@7 andr = 3 versus relay location for unit resource g gata to send and thus, ironically, has no incentive to
and a given required rate dt = h13/100, (@) k = 0.01,0.1,1 and10. collaborate. So the"? user should send his data directly to
the 4th user.
a single relay network. Thus, the exact rate improvement or.SO. far, we haye assumed.the same_destm_atlon for bOt.h trans-
energy saving can be examined as in (6), (4) and (16). missions. We might relax §h|s constraint easily. For exanpl
Figure 1, suppose that tHé! user wishes to send messages to
the 3'¢ user and th&"? and3*? users wish to send messages
B. Relay Selection: Resource Efficiency to the 4th user. Using the CP, th&d user can act as the relay

Now, we address resource efficiency and the objective igtween thel™t andd3fd users and thg™! user acts as the
to select a relay user among the potential candidates and@tsy between the"® and 4th users.

decide whether to collaborate or not. We propose the foligwi We have shown that collaboration have the potential to
procedure: increase the rate gain of the users by a factor of at most

n

« Feasibility check: We compar® with e min{h;3, has} (1 + ,"/kiﬂ) . This result shows that appropriately choosing
for the NCP and withe min{hu,hggkiﬂ} for the CP. the relay user and collaboration protocol considerablye sav
Then, we ignore the protocol which is not feasible.  the transmit energy, and also reduce interference amongst

o Resource usage: If both are feasible, we must chodbe users. Our proposed protocols not only improves rate,
the protocols with the least resource usage. The resouergrgy or resource utilization of the involved users, bsbal
usagesfncp and Bcp are the solutions of (18). It is have the potential to decrease the overall interferencéief t
worth noting that this criterion is different from the ratenetwork. We have shown that collaboration can mitigate the
and energy criteria since here we are willing to minimizeffects of path loss, thus, users can save transmit energy.
resource usage for a given amount of energy and rdfthis saving reduces interference among users which allows
which does not necessarily yields the same result &sincrease density of users in the network through resource
maximizing rate or energy ratios (compare Figures 5 witleusing. Minimizing the consumed transmit energy will lead
Figure 3 and Figure 6 for difference between obtaindgd increased node lifetimes in terms of battery power as.well
rate, energy and resource gains). However, in order Aopositive side effect of this is that smaller transmit posver
maximize the resource efficiency, the simulation resultill also reduce the overall interference in the network.
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L oo [ Elkt1)hase
5= 1 n 7108 \ T (k1) hise (21)
- k+1)hize k+1)hase
1 log (14 (k +1) hage) (1+ (k + 1) hge)) — e, — hidiec
VI. CONCLUSION [3] G. Kramer, M. Gastpar, and P. Gupta, “Cooperative sgiage and

L capacity theorems for relay network$ZEE Trans. Inf. Theoryvol. 51,
We used rate, energy and resource usage as criteria for g o pp. 3037-3063, 2005.

collaboration and relay user selection. We found the cantit [4] Y. Zhao, R. Adve, and T. Lim, “Improving amplify-and-ferard relay

; ; ; networks: optimal power allocation versus selectioffEE Trans.
under which the collaboration is preferred for all usersern Wireless Communyol. 6, no. 8, pp. 3114-3123, 2007.

eStinglyz the gain Of_the users from collaboration "j VQSiOU [5] A.lbrahim, A. Sadek, W. Su, and K. Liu, “Cooperative commications
terms (increase their achievable rate, reduce their trsnsm with relay-selection: When to cooperate and whom to codpenéth?”

energy or use resources more efficiently) can be more Si?ﬁ_] IEEE Trans. Wireless Commurvol. 7, no. 7, 2008.

- . . M. Chen, S. Serbetli, and A. Yener, “Distributed powetoahtion
nificant at low TERN, where the background noise is strong." syategies for parallel relay networksEEE Trans. Wireless Commun.

Clearly, if the background noise is very weak, the collabiora vol. 7, no. 2, pp. 552-561, 2008.

is less attractive. The relative geometrical location ogrgs [7] Z- Zhou, S. Zhou, J-H. Cui, and S. Cui, “Energy-efficiatioperative
communication based on power control and selective siregtg in

(i.e., channel responses) must be considered in the relay ireless sensor networkdEEE Trans. Wireless Communol. 7, no. 8,
selection. Very simple criteria are proposed for relay g@le. pp. 3066-3078, August 2008.
If the relay is in the vicinity of the midpoint between the [8 W- Huang, Y. Hong, and C. Kuo, *Lifetime maximization famplify-

. . . . and-forward cooperative networks|EEE Trans. Wireless Commun.
transmitter and the receiver pair, collaboration can ajieod vol. 7, no. 5 Part 2, pp. 1800~1805, 2008.
performance. A maximum rate gain (as well as energy saving] A. Bletsas, H. Shin, and M. Win, “Cooperative communicas with
. 5\ . . outage-optimal opportunistic relayindEEE Trans. Wireless Commun.
gain) of up to(l + {/737) can be obtained provided thata ol 6, no. 9, pp. 3450-3460, 2007.
collaboration is establishéd with an appropriately lodat#ay, [10] E. Beres and R. Adve, “Selection cooperation in muiiige coop-

wherer is the environment path loss exponent. Furthermore, irlagi’fzgetz"é%g‘s’ IEEE Trans. Wireless Commynvol. 7, no. 1, pp.

we present several protocols on how to select the best rejay A. Nosratinia and T. Hunter, “Grouping and partner séte in coop-
among the possible candidates to maximize the cooperation eféglgg \ggg'?ess networks[EEE J. Sel. Areas Commurvol. 25, no. 2,
. p. , .
gain. [12] T. C.-Y. Ng and W. Yu, “Joint optimization of relay stegfies and
resource allocations in cooperative cellular networksSEE J. Sel. Areas
APPENDIX Commun, vol. 25, no. 2, pp. 328-339, February 2007.
[13] L. Le and E. Hossain, “Cross-layer optimization franoeks for multi-

Proof of (7b): We use the first-order Taylor series hop wireless networks using cooperative diversitiyEE Trans. Wireless

. . o1 . Commun,. vol. 7, no. 7, 2008.
approximation at pom;;H for R, () and R(1 — 3) which [14] S. A. Astaneh and S. Gazor, “Joint protocol and relayenselection in

is accurate for high TERN regime. The intersection point of * collaborative networks,2008 24th Biennial Symposium on Communi-
the approximate lines gives an upper bound for achievable cations pp. 162-165, 2008.

K . s s . . ] C. Dovrolis, D. Stiliadis, and P. Ramanathan, “Projooral differentiated
capacity for the NCP. The coordinates of this intersectioinip services: Delay differentiation and packet scheduling,Proceedings

are given by (21) and (7b) which as noted before is tight for of the conference on Applications, technologies, archites, and
high TERN regime. ] protocols for computer communication ACM New York, NY, USA,

. : 1999, pp. 109-120.
Proof of (9a). To find a lower bound, we can [16] Y. Li, N. Seshadri, and S. Ariyavisitakul, “Channeliesation for OFDM

approximate functions in (4) by their second order systems with transmitter diversity inmobile wireless afels,” IEEE J.
Taylor series versus and obtain Rye > max{hize — Sel. Areas Communvol. 17, no. 3, pp. 461-471, 1999.

h2,e2 kh2,e? . . [17] H. Zhu and G. Cao, “rDCF: A Relay-Enabled Medium Accesmftol
53 hasze — m} To find a tight bound we solve Protocol for Wireless Ad Hoc Networks|EEE Trans. Mobile Comput.
2 hZse | khise h2se vol. 5, no. 9, pp. 1201-1214, Sept. 2006.
(ho3 — hi3) B°+ 5-+ ==+ his — h23) p— 5 = 0. [18] P. Liu, Z. Tao, S. Narayanan, T. Korakis, and S. Panw@ndpMAC:
This quadratic equation has only one feasible solution é th A cooperative MAC for wireless LANsEEE J. Sel. Areas Commuyn.
; ; ; ; vol. 25, no. 2, p. 340, 2007.
interval [O’ 1]' This bound is described by (9a) and (22) [19] F. Meshkati, DPGuo, H. Poor, and S. Schwart, “A unifiepaach to
hoah, ckh3,;  chZy power control in large energy-constrained cdms systetBEE Trans.
8= (25— ”;I_ z ) Wireless Communvol. 7, no. 4, pp. 1208-1216, 2008.
2(h23z—h13) 3 (22) [20] D. Goodman and N. Mandayam, “Power control for wireldat,”|[EEE
(hzg—hlg—%—$> +2(has—has)eh?, Trans. Wireless Commuyrvol. 7, no. 2, pp. 48-54, 2000.
+ 2(h23—h13)

which as noted before is tight for low TERN regime &
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