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Abstract—In this paper, the application of wireless information and information decoding separately [3]] [4]. Particulate
and power transfer to cooperative networks is investigatedwhere  receiver either switches on two circuits at different tinae,
the relays in the network are randomly located and based on strategy called time switching, or splits its observatiamts

the decode-forward strategy. For the scenario with one sowe- the t ¢ hich directed to t ircuits at th
destination pair, three different strategies for using theavailable € wo streams which are directed to two circults at the

relays are studied, and their impact on the outage probabity and ~Same time, a strategy called power splitting. The work'in [3]
diversity gain is characterized by applying stochastic gemetry. considers a simple single-input single-output scenand, an

By using the assumptions that the path loss exponent is two extension to multi-input multi-output broadcasting scersis
and that the relay-destination distances are much larger thn considered in[[5].

the source-relay distances, closed form analytical reswdtcan be
developed to demonstrate that the use of energy harvestinglays ~ SV/IPT has been demonstrated as a general energy har-

can achieve the same diversity gain as the case with convestial  Vesting technique and applied to various types of wireless
self-powered relays. For the scenario with multiple sourcg, the communication networks. For example, in [6], the applmati

relays can be viewed as a type of scarce resource, where thepf SWIPT to cognitive radio networks is considered, where
sources compete with each other to get help from the relays. users from secondary networks perform energy harvesting

Such a competition is modeled as a coalition formation gamend f th . t itt d deli inf tion teith
two distributed game theoretic algorithms are developed bsed rom the primary transmitiers and aeliver information te!

on different payoff functions. Simulation results are provided OWN destinations opportunistically. The use of SWIPT in
to confirm the accuracy of the developed analytical resultsrad  OFDM networks has also received a lot of attention due

facilitate a better performance comparison. to the success of WIMAX and 3GPP-Long Term Evolution
(LTE) [7]. In [8] the combination of SWIPT with secure
communications has also been considered, where an optimal
beamforming and power allocation solution has been prapose
Energy harvesting technologies have been recognizedt@gvoid the source information being intercepted by thegne
a promising cost-effective solution to maximize the lifle harvesting eavesdroppers.
of wireless energy constrained networks by eliminating the |n this paper, we consider the application of SWIPT to
cost for hard-wiring or replacing batteries of mobile nadegyireless cooperative networks, where the relay transomissi
Conventional energy harvesting techniques scavenge ¥nejge powered by the energy harvested from the relay observa-
from the environment, and therefore they are not applicabletions. The contribution of this paper is two-fol8irstly we
the scenario in which wireless nodes do not have any acces$ous on cooperative networks with one source-destination
external energy sources. This difficulty motivates the mége pair and multiple energy harvesting relays, and the impact
developed concept of simultaneous wireless informaticth agf SWIPT on the reception reliability is studied by takingth
power transfer (SWIPT)[1]=[5]. spatial randomness of the relay locations into considerati
The concept of SWIPT was first proposed lin [1] ahdl [2linlike existing works in[[4] and [9] which treat the distasce
where it is assumed that the receiver circuit can perform tveg constants. Stochastic geometry is used to charactbeze t
functions, energy harvesting and information decodinghet density function for the wireless channels of the randomly
same time. Following these pioneering works, more prakcticgeployed relays, where the developed analytical resubts ar
receiver architectures have been developed by assumitg #ibwn to match the simulations. In addition, three différen
the receiver has two circuits to perform energy harvestirgrategies to use the available relays are studied, and we
. _ demonstrate that a more sophisticated relay selectiotegyra
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randomly chosen relay is used, it can be shown that the outageere the scenario with multiple sources will be considered
probability decays at a rate d?sgﬁ%, instead ofﬁ as in the next section. In particular consider a disc, denotgd b
in conventional cooperative networks, where SNR denotes tB, where the source is located at the origin of the disc and the
signal to noise ratio. radius of the disc if2p. The location of the relays is modeled
Secondly we consider a more challenging cooperative scas a homogeneous Poisson point process with the intensity

nario where multiple sources communicate with one commaoyy. Therefore the number of the relays i denoted by,
destmauqn via multiple energy harvestlng relays. In suGl poisson distributed, i.6?(N = k) = l;c_%e*,uvy where up

a scenario, the relays can be viewed as a type of scagegotes the mean measure, g = TR \,. The distance
resource, where the sources compete with each other to gsfyeen the source and the destination is denoted. by

help from the relays. Such a competition can be modeled as arhe decode-and-forward strategy is used at the relays, and
coalition formation game, and two distributed game theoreghe energy harvesting cooperative transmission consi$tsoo
algorithms are developed based on different payoff funstio phases. During the first time slot, the source broadcasts its
In addition, analytical results are provided to demonstrafyessage, and all the relays and the destination listen to the
that a user-fairness approach should consider not only §i§rce transmission. The energy harvesting relay will first
SNR gain that a relay can contribute to a coalition, but al§g, o direct the observation flow to the detection circuit,
how signific_gnt this gain is in contrast t_o the _over_all S'\_“?ollowing from the power splitting approach inl[3] and [4].

of the coalition. Therefore we can avoid a situation Wity the detection is successful and there is any energy left,
unbalanced re_l:_;\y allocation, i.e. some coalitions are dewlv the remaining signal flow will be directed to the energy
but some coalitions do not get any help from the relays. Boffyrvesting circuit, and the harvested energy will be used to

analytical and numerical results are provided to demotustr:iljo\,\,er the relay transmission. The observation split to the
the outage performance and convergence of the propogekction circuit is given by

coalition formation algorithms.
This paper is organized as follows. In Sectidn Il the energy hiV/Ps
V9I+de

harvesting cooperative scenario with one source node is con

sider, and three different strategies for using relays aves- . . .

tigated. In Sectiofi Tl the cooperative scenario with npitti Whered; is the power splitting coefficient,; models frequency
source nodes is studied, and a game theoretic approachffdy duasi static Rayleigh fading/; denotes the distance
coalition formation is proposed. Numerical results arevgho P€tween the source and théh relay,a denotes the path loss
in Section[I¥ for performance evaluation and comparisoffXPONeNtZ is the transmission power,is the source message
Finally, concluding remarks are given in Sectibh V. Thé‘"t,h the normallze_d power ang,, is addmvg noise. the that.
mathematical proofs are collected in the appendix. 0; is used to decide how muchlobs.ervanon flow will _be di-
rected to the energy harvesting circuit. For example, thoéoeh
of #; = 0 means that all observations will flow to the detection

Yri = (1 - 91) + Ny, s (1)

circuit, andd; = 1 means that the energy harvesting circuit
) receives all of the observation flow. The data rate suppdayed
@J' the source-relay channel &; =  log (1 +(1-6) ‘{TZ;)
B Note that in[(1) the bounded path-loss model is used to ensure
Rl ' that the path loss is always larger than one for any distance
N Y% [10], i.e. 14+ d¢ > 1, even ifd < 1, whereas the simplified

channel models used i [11] and [12] are valid only if the
transceiver distance is larger than one. To ensure suctessf
detection at the relay given a targeted data fatee. R; = R,

the power splitting coefficient is set as follows:

(a) Cooperative networks with one source

® @ (14 do)(22R — 1)
~ 6; £ max {O, 1-— i — } (2)
@0®®ge @ ZIE
; o ; ,, Note that the choice df; in the above equation is based on the
=) strategy that a relay first tries to achieve information dioa
& and then performs energy harvesting if there is any energy

left. It is important to note that different receiver stigits
could result in different choices of; as well as different

(b) Cooperative networks with multiple sources : i .
values of the achieved outage performance. In addition, in

Fig. 1. System diagrams for the scenarios considered inidBefd and

Section(TIl. this paper we do not consider how to use a relay that cannot
decode the source information, but the use of such relays
Il. ENERGY HARVESTING COOPERATIVE NETWORKS can potentially yield more opportunities, particularly tino
WITH ONE SOURCE types of situations. The first is the case with multiple pairs

Consider a cooperative scenario with one source-desimatdf sources and destinations. A relay that cannot detectcg8our
pair and multiplerandomly deployed energy harvesting relays, A's information can harvest energy from this source’s signa



and use it to power the relay transmission to Source B. Theen the use of the-th relay is

second is when the the relay can store the energy harvested, B

from the current time slot and use it for future time slotd.* — 7 (& =0, Pro <)+ P (SNE; <7,Px; > 7, N 2 1)

The consideration of different detection and energy haivgs  + 7 (Pro <7,Px; <1,N >1)

strategies is beyond the scope of this paper. =P(N =0,20 <€)+ P (xo+ny; (x; —€) < €,x; > ¢)
When the channel condition is poor, i#= 0, no energy

Q1
can be harvested from the observation since all the received
signals will be directed to the detection circuit. Wheén- 0, XPIN 21 +Plao <&z <e,N21). (7)
the energy harvested at théh relay is given by wheree = %. The first probability in[{I7) is for the event that
there is no relay deployed iR; the second and third ones are
E, = Tn ( |h;)? p_ T> 3) for the events that there is at least one relafpirNote that the
2 \1+dy ’ probability @, is conditioned onV > 1, but such a condition

. _ - .. . can be omitted since it has no impact on the calculatiof of
Wher_en IS th_e energy haryestmg efficiency g}geﬁ|0|em,!s as shown in the appendix. Particulary the second probgalslit
the time period for one time slot and n . 1'. It. 'S for the event that the-th relay can detect the source message
assumed th_at the two phases of cooperative transmissivas %rrectly but the overall SNR at the destination cannot supp
the same .t|me period. So at theh relay, the tran§m|_SS|qn the targeted data rate; and the third one is for the event that
power available for the second-stage relay transmission is neither thei-th relay nor the destination can detect the source
B |hy |2 message. The following theorem provides an exact expressio
P=—= (1 lda - ) (4) and a high-SNR approximation for the outage probability.
td; Theorem 1. The outage probability achieved by an en-

Where there are multiple relays, i.8] > 1, it is of interest €9y harvesting cooperative protocol with a ran(?fdmal)y cho-
to study how to utilize these relays. In particular we wilf€n relay is given by[(8), wher¢,, = e v
study the performance of three strategies with different an o(r,0) 2 (1+(,‘2+d2,27‘d605(9))%)(Hm)(é,m). For the

assumptions, as shown in the following three subsections. _ n
special case olv = 2 and Rp << d, the outage prob-

ability can be approximated at high SNR as i (9), where

T
2

A. Random relay selection a1 = (1= (1+d*)e), e1 = —1 (¢(1) + (2)) ande(-) denotes
the psi function.
Prior to the transmissions, the source randomly selects a proof: See the appendix. m

relay as its helper, a strategy that does not require any C{bte that the exact expression of the outage probabilitysho
Without loss of generality, consider that theth reIay is in @ is app|icab|e for any choices off and distances.
selected to help the source. This relay will use the hardestgowever, such a general expression is very complicatee sinc
energy to power the relaying transmission, if it can dectee tit contains multiple integrals. Therefore the use of such an
source message correctly. Therefore during the second tifgolved expression is not helpful for developing insights

slot, the destination receives about the fundamental limits of energy harvesting relaying
i which motivates the studies for the special case with- 2
Yp = ﬁvPriHnn, ®) and Rp << d, i.e. the radius ofD is much smaller than
3

the source-destination distance. Numerical results dstrate
where ¢; is the distance between theth relay and the that the approximated analytical results in Theorlgm 1 are
destination, and; is the multi-path fading channel coefficientaccurate whend > 5Rp, as can be seen in Sectign]IV.
After combining the observation from the first time slot, thdheoren(]L can be used to study the diversity gain achieved

receive SNR at the destination is given by by the energy harvesting cooperative scheme, as shown in the
following corollary.
h 2 ’ 2 hz 2 . i i =
SNR, |hal P |gi] | i 1), ©) Corollary 1: For the special case with = 2, Rp << d
1+ do 1+ \14dy and N > 1, the diversity gain achieved by the energy

N ) harvesting cooperative protocol with a randomly choseayrel
conditioned on a successful detection at kb relay, where g o

hq is the multi-path fading channel. To simplify notation, we  proof: WhenN > 1, the first factor in[{P) can be ignored,

2 12 .
let 2o £ ﬁdd'a. z; & ﬂjia andy; £ Jila as explained in the proof for Theorémn 1. Therefore by applyin
In this paper, the outage probability and diversity gain — 0, the corollary can be obtained in a straightforward
will be used for performance evaluation, as explained in tmeanner. [ ]

following. Provided that the optimal channel coding schenfRecall that in a conventional cooperative network, the use o
with infinite coding length is used, the bit error probailit a randomly chosen relay will also yield a diversity gain of
can be closely bounded by the outage probability [13]. Gnh[14]. Corollary[1 states that the use of energy harvesting
the other hand, the diversity gain is an important metric faelays will not decrease the diversity gain of cooperative
the robustness of transmissions in the high SNR regime. Timtocols. However, an important observation frém (9) &t th
outage probability can be Therefore the outage probabilitye dominant factor in the expression for the outage praibabi
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x ((1+ R3%)*In(1 + R}) + 4e1 R%,(R3 +2))] (1 - ewa%w) +

(1 + d?)2e2 In (1 + d?)e @+ d2)262) N (1 + d?)%e?
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(R% +2)(1 + d?)e? (1 - e*ﬂR%M) ,

)

N =

at high SNR is—e?Ine, or equivalentlylgf,]]\éﬁ. Therefore, However, it is worth pointing out that the use of this CSI
the use of energy harvesting relays will cause the outageowledge can improve the outage performance compared to
probability to decrease at a rate %ﬁLRf, whereas a faster the scheme with a randomly chosen relay, as can be seen in
decaying rate ofﬁ can be realized in a conventionalSectionTV.

cooperative network.

C. Didtributed beamforming
B. Relay selection based on the second order statistics of the  \when global CSI is available at the source and the re-
channels lays, an optimal strategy for using the available relays is

For many practical communication scenarios, it is realistio apply distributed beamforming, analogous to singlestnp
to obtain the second order statistics of wireless channeRultiple-output scenarios in which maximal ratio combgin
Such information is determined by the distance between tifeOptimal. Again we assume that there ave > 1 relays
transceivers and changes more slowly compared to smaél sdal P, and A" = {1,..., N}. Denote the group of qualified
multi-path fading. In this section, we will focus on the ingpa relays that can decode the source message correctly, by
of relay selection on the outage probability when the secogfd the group containing the remaining relays &Y, i.e.
order statistics of the channels are known. To make meaunlingll’ = S U S°. Note that it is possible that one of the two
conclusions, we assum& > 1, a = 2, and Rp << d, Setsis empty. The transmissiop strategy for a qgalified/rela
the same conditions as in Theoréin 1. With these conditiof,as follows. The relay, i € S, will transmit \/%S

intuition suggests that the optimal strategy of relay saleds where¢ — 3.« 9:2Pri The power normalization factag

to find the relay closest to the source, which can be confirm%dto enure th;ﬁh(eljfrgr%s.mission ower of the relis/always
in the following proposition. P &y y

Proposition 1: AssumeN > 1, a = 2 and Rp << d. less thanP,.;. With such beamforming, during the second time

Selecting a relay that is closest to the source minimizes tﬁlé)t’ the destination observes
outage probability at high SNR. ‘ “p
Proof: See the appendix. ] yp = Z Ji — Ji Jri — | s+ np. (10)

As can be seen from Propositigh 1, the criterion for relay ics VIF e Vel + )
selection is based only on the source-relay distances. Tg§ applying MRC over two time slots, the resulting SNR at
is due to the assumptio®p << d which leads to the the destination will be
approximation that all relay-destination distances aeestime. ) ) )

By using the density function of the shortest source—relawNR§ — |l P+ Z” 19| < [ P_ T> . (11)
distance, we can obtain the following theorem about the di- L+d L+ cf \1+d7

versity gain achieved by the proposed relay selection sehem o . . L
Definell,, as a set containing all possible partitions yielding

distinct pairs of S and S¢. The overall outage probability
é‘equitioned onN > 1 is given by

ieS

Theorem 2: Assumea = 2, Rp << d andN > 1. The
diversity gain achieved by the relay selection scheme ba
on the second order statistics of the channé.is

Proof: See the appendix. [ |
The exact expression of the outage probability is difficult R
to obtain, since the use of the relay closest to the source z; <¢€,j€ SC).

makes the density function of the source-relay channel mare

complicated. Therefore, in Theorélh 2 we can obtain the divdf conventional cooperative networks, the SNR at the desti-
sity order only after applying high-SNR asymptotic ana&ysi”at'on is independent of the source-relay channels, which i
go longer the case in the energy harvesting network consid-

Surprisingly the knowledge of the second order statistics - NEPENAT:
the channels is not helpful for improving the diversity ardeered here. Define; = Theo (szgp - 7’)- and the outage

1 ~
PN:ZP (§10g(1+SNRS-) <Ryxi>¢€i€S, (12)
Iy




probability of the considered energy harvesting netwodnth and similarly byS the set of all source nodes. L&}, be a

becomes coalition consisting of then-th source and the relays that are
n 2P willing to help this source. The_reforEf‘;f:1 Sm=(N+M)
Py = Z g {73 <Z 2 < 0" zi>eic S)} and1 < S,, < (N +1), whereS,, denotes the cardinality of
—rose i—1 Sm. A network partition is defined al = {Si,..., Sy}
Qs
xP (xﬂ' <6&JE€ SC) ; (13) A A baseline approach without considering user fairness

where £{-} denotes the expectation operation. As can beThe receive SNR is an important parameter since it deter-

observed from the proofs for Theorefls 1 did 2, it is quitaines the data rate as well as the reception reliabilityeGiv

difficult to find an exact expression of the pdf fey. The that the relays inS,, perform distributed beamforming, the

outage probability in[(II3) requires not only the pdfpfbut  SNR for them-th source message at the destination is given

also the pdf ofy"""_, z;. Therefore finding an exact expressioty

for this outage probability is difficult. In order to obtaihet

diversity order achieved by distributed beamforming, wa ca NRs Plham|? Z Ppilgil® (15)

first develop lower and upper bounds on the outage probgabilit " 1+dg, 1+’

in (I3) and then show that the bounds converge in the high

SNR regime. These two steps will result in the followingvhered,,, denotes the distance between theth source and

theorem. the destination andl,,,, denotes the corresponding small scale
Theorem 3: Assumea = 2, Rp << d and N > 1. In fading channel. A straightforward approach to opportimist

an energy harvesting network with randomly deployed relaysally use the relays is to define the payoff function for the

the use of distributed beamforming achieves the maximuith relay to joinS,, as follows:

diversity gain(N + 1).

(1>

i€ESm

Proof: See the appendix. [ ¢i(Sm) = SNRs, —SNRs,, i —c(Sn) (16)
As can be observed from Theor&in 3, the full diversity gain can B Prilgil? S
still be achieved, even though the relaying transmissiagas a Tl — c(Sm),

powered by the energy harvested from the relay observations
whereSN Rs,, »; denotes the SNR achieved by removing the

i-th relay from the coalitionS,,,. The cost,¢(S,,), is related
to the size of the coalition, and in this paper we assume that

the cost is proportional to the number of relays performing

In this section, we will consider a more general cooperatiVfstriputed beamforming, i.e5(Sw) = &|Sn|, where x is
scenario in which)M sources communicate with a commony coefficient to measure the cost to coordinate distributed
destination viaN energy harvesting relays. Similar to the beamforming and,, € S, contains all the relays i, that

previous section, the cooperative transmission consisi®®  ¢an decods,, correctly. Therefore the value of each coalition
phases. During the first phase, thé sources first broadcastis given by

their messages, denoted by, for sourcem, via orthogonal

chan_n_el_s. During the second phase, Mer_elays will form 0(Sp) = Z 6i(Sm). (17)

M disjoint groups to help thé/ sources via the orthogonal icon,

channels. Distributed beamforming will be carried out agion

the relays from the same group since it can achieve theThe above definitions of the payoff and the coalition value

maximum diversity gain as described in the previous sectidgads to a solution that does not consider the fairness among

Therefore a relay in a group to help theth source, denoted the users, as illustrated by the following example. Conside

by S,., will send the following message: a scenario withM = 2 sources andV = 2 relays, where

VP nil? there is no direct link between the sources and destination,
SR.icS, = { 7‘(”\/@8% if HePzrT (14) € ham = 0. Assume that the first relay has a very good
0,

Ill. ENERGY HARVESTING COOPERATIVENETWORKS
WITH MULTIPLE SOURCES

3

otherwise connection to the first source, but no connection to the secon
o ) source, e.9.¢1(S1) = 1000 and ¢1(S1) = 0, where the cost
where the transmission power of the relay is powered s peen ignored. The channel condition between the second
the energy harvested from its incoming signal, ii€.; = relay and the first source is slightly better than that betwee
maX{O,n (ﬁ%ﬁnp - 7')} as shown in[(#)d,; is the dis- the second relay and the second source, egS;) = 50
tance between the:-th source and the-th relay andh,,,; is and@.(S2) = 49. The definitions in[{16) and(17) imply that
the corresponding multi-path fading channel coefficient.  the second relay will joinS;. However, the contribution of
For the considered multi-source scenario, the relays ctme second relay irS; is insignificant due to the fact that
be viewed as a type of scarce resource, where the sourge&S;) = 1000, whereas including the second relay §a
compete with each other to get help from the relays. Suchisaimportant to achieve better fairness among the users Thi
competition can be modeled as a coalition formation game&bservation motivates the following approach which aakgev
Particularly, denote b\ £ {1,..., N} the set of all relays a better tradeoff between the system performance and &irne




B. A user-fairness coalition formation approach is a sufficient condition for C2, i.e. a satisfaction of C1Iwil
In order to take user fairness into consideration, considéfd to a satisfaction of C2. _

the following alternative definition of the payoff functidar ~_ Proposition 2: Consider a scenario in whicy,, > 2, S, =
the i-th relay joiningS,y: 2,1 € Sy, andi € S,,. The cost for cooperation is ignored, i.e.
SNR SNR . c(Sm) = 0. 1f ¢i(Sm) < ¢i(Sn), thenv(S,,) +v(SN\{i}) <
0:i(Sm) = Sm Smlt _ o(S,). (18) v(Sm\{i}) +v(S,) also holds.
SNRs,, Proof: See the appendix. n
And the value of the coalition i%(S,,) = Zies 6i(Sm)- The situation described in Propositiéd 2 is critical, as

Compared to the definition if (IL6), the one [n](18) can takéescribed in the following. The relayhas a choice to help one
the user fairness into consideration, and encourage thgsrelof two sources, i.e. sources andn. The conditions,, = 2

to help the sources that need the help more desperately. Wans that the-th source does not get any help except from
consider the same example as in the previous section, itBg relayi. The conditiong;(S,,) < ¢;(S,) means that the
Puloi* _ 1000, Pulesl® — o Pulel® _ 5o Peleel* _  relay wants to move fron$,, to S,, since its payoff will be
4&?(87”) ~ 0 and ﬁ;:;l — 0. In such a case, the first relayincreased. Such a move is critical to theh source since its
always joinsS,. Based on the definition i (L8), the payoff NR will be zero if such a move is rejected. Proposifion 2
for the second relay to jois; and S, are ¢o(S;) = -39 llustrates that such a move will be guaranteed. N
and ¢(S») = 1, respectively. Therefore the use of the new By using the conditions in[(19), a distributed coalition

1050
payoff function in [IB) can ensure that the second relaysjoiIf]ormation algorithm can be described as follows. During the

S, and help the second source which is in a critical situatidfiitialization phase, the relays are randomly assignechée t
of an outage. Additional properties of the proposed fasned! Sources. During the iteration phase, each relay takes its
approach will be discussed in the following subsection.el\lo{u,rn to determ|_n§ whether to stay n the same coalition or
that there are other possible payoff functions other than gpin a new c_:oalmon based on the criteria [N (19). Compa_red
ones shown in[(16) and{1L8). The benefit of using these i Ea- (12) in [16], the conditions for the preference relati

payoff functions is two-fold. One is that these payoff fiaos " (19) are weaker in the sense that assigning the refay
; &l);:oalltlon will reduce the payoffs of other players in the

same coalition. But the conditions ifi_{19) are sufficient to
the data rate and the outage probability. The other is theseth ensure the convergence of the proposed algorithm, which can

payoff functions are linear functions of the SNRs, and henpg Sh‘?"_V” by using the criterior_1 of Nash-stabilit_y. 'Recaeﬂtth
can be easily used to analyze the various properties of dartiionIl = {Si,....Su} is Nash stable ifvi € N

addressed games, as shown in the next sub-section. $.Li € Smy (Sm,Il) = (S,k U {2}, 1) for_ any S W_“.h
II' = (IN{Sm, Sk }U{S»\{i}}). The following proposition

o o ) _ can demonstrate the convergence of the proposed scheme.
C. A distributed coalition formation algorithm Proposition 3; Starting from any initial partition, the pro-
Based on the definitions il (1.6) arld [18), one can obsempesed coalition formation algorithm always converges to a
that the payoff of a relay depends only on the membefigal network partition, and this final partition is Nash d&ab
of the coalition in which this relay is located. Therefore  Proof: The key step for the proof is to observe that
the proposed coalitional game can be modeled as a heddhie overall network benefit is always non-decreasing after
coalition formation game, in which the coalition formatioreach iteration, because of the second criterior 13 (19)h Wit
process is accomplished by applying preference relatihis [ this observation and following similar steps as [inl[16], the

related to various metrics for performance evaluationhag

[16]. Particulary for any relay € N\, consider two coalitions proposition can be proved. [ |
S, andS,,, wherei € S,,, andi € S,,. The preference relation,
denoted byS,, <; S, , implies that the relay prefers to join IV. NUMERICAL RESULTS

Sn insFea(_:i OfSp. I ac_cording with[[15], we use the following To demonstrate the performance of the proposed energy
two criteria to determine the preference relation harvesting cooperative schemes, we present some numerical

Cl: ¢i(Sm) < ¢i(Sn) studies and evaluate the developed analytical results @ tw
Sm =i S e ¢ C2: v(Sn) +v(SN\{i}) , (19) different scenarios. The numerical results are obtained by
< v(SEp\{i}) + v(Sn) carrying out Monte Carlo simulations, and the number of

, . simulation runs for all figures except Figl 2 i9°, whereas
whereS\{i} denotes a subset &f created by removing the | s iulation runs are used for Fig 2.

node:. The motivation to have the first criterion in {19) is that
each relay tries to maximize its own individual benefit. And . . .

the second criterion if{19) is to impose a constraint that tA- Energy harvesting cooperative networks with one source
overall network benefit will not be reduced if the relay moves In Fig.[2, the performance of the energy harvesting trans-
from S,, to S,,. These two criteria could be conflicting. Formission scheme with a randomly chosen relay is depicted.
example, a relay wants to move fra$, to S,, since its payoff Particularly the targeted data rate is= 0.1 bit per channel
will be increased, but such a move may be blocked sinceuise (BPCU), the energy harvesting efficiency coefficient is
will reduce the overall network benefit. However, the follogr n = 0.5, the path loss exponent is = 2 and the radius
proposition demonstrates that for some critical situajd@l of D is Rp = 1.5m. The number of relays i is Poisson



distributed with the parametey, = 1. As can be observed — 10°%

from the figure, the analytical results developed in Theorel
[ are very close to the simulations, particularly at higl
SNR. In addition, the performance of a non-cooperativectlire
transmission scheme has also been shown. As can be s
from Fig.[2, the use of energy harvesting relays is helpful t .,
improve the reception reliability at the destination. Raiarly

babilit,

-1

the slope of the outage probability curve for the coopeeativ & 10

scheme is larger than that of the non-cooperative one, whi £
means that a larger diversity gain can be achieved by tl°
cooperative scheme.

10°

0

10

Outage probability
=
o

—%— Non cooperative scheme, d=10m
—*— Cooperative scheme, d=10, simulation
—*— Cooperative scheme, d=10, analytical

10 "k | —e— Non cooperative scheme, d=8m

—+— Cooperative scheme, d=8m, simulation
—+- Cooperative scheme, d=8m, analytical

6 L L L L L L \\‘
10 15 20 25 30 35 40 45 50

SNR

Outage probability
=
o

—6— Non cooperative scheme
—a&— Selection based on distance, N=3
—*— Selection based on distance, N=10|
—— Beamforming, N=3

—&A— Beamforming, N=10

—%— Random relay selection

10 15 20 25

J
N
T

107°

Fig. 2. Outage probability versus SNR with a randomly chosday. The
targeted data rate i® = 0.1 BPCU. The energy harvesting efficiency is

n = 0.5, the radius ofD is Rp = 1.5m, and the node density i, = 1.

Solid lines are for simulation results and dashed lines arehfe analytical

results developed in Theorem 1. 10

In Fig.[3, the three different strategies using the avadabl

-4

SNR

@n=05

30 35

—6— Non cooperative scheme
—=&— Selection based on distance, N=3
—*— Selection based on distance, N=10
—o— Beamforming, N=3

—A— Beamforming, N=10

—%— Random relay selection

10 15 20 25

SNR

30 35

40

relays are compared, when the targeted data rate is 1
.BPCU’ the source-destination distancéus, the radius ofD Fig. 3. Outage probability achieved by different strateg@ using the
IS Rp = 2.5m and the other parameters are the Same asalfdilable relaysk = 1 BPCU, Rp = 2.5m andd = 5m. All the curves are
Fig.[2. Compared to the setup used in Fig. 2, the ratio betwegised on simulation results.

the source-destination distance and the radiuB @ reduced

in order to examine the performance of the proposed relayif§monstrate the impact of the path loss exponent on the@utag
schemes for the case other th&» << d. The impact of performance. As can be seen from the figure, by increasing

different numbers of relays i on the outage performance isih€ Path loss exponent, the outage performance achieved by

shown in the two figures. Theorel 2 states that when orflj) the relaying protocols is degraded. However, an impurta
the second order statistics of the channels are known, ervation is that the slope of the outage probability esrv

achievable diversity gain & no matter how many relays thereStays the same. Take the beamforming scheme as an example.
are inD. In Fig.[3, it is clear that the slopes of the outagBY Increasing the value af, the outage probability curve is

curves for the distance based scheme with different nunaershifted to the right, and its slope stays the same. Thergfore

relays are the same, which confirms Theof@m 2. However, it7i9- [4 has demonstrated that our developed diversity mesult

worth pointing out that the use of the second order stasistie’® Most likely valid even itv > 2, although we still do not

of the channels can still yield an outage performance gdidve & formal proof of this.

compared to the case with a randomly chosen relay. On the . . . .

other hand, the use of distributed beamforming can ensate tR- Energy harvesting cooperative networks with multiple

the achievable diversity gain is proportional A, as can be SOUrces

observed from the figures. Such an observation confirms thdn this subsection the energy harvesting scenario with

analytical results developed in Theoréin 3. multiple source nodes will be considered, and the perfor-
The developed analytical results for the diversity gaimmance of the proposed coalition formation algorithms will

shown in Theoreni]1[]2 arl[d 3 are based on the assumptimevaluated. The relays are randomly located inside tle dis

a = 2, and in Fig.[#, we use computer simulations t@. The radius ofD is Rp = 5m and the origin ofD is

(b)yn=1
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g - * — Random relay selection ® SN g a
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10k \ 107k Dotted curves for the case of R=1 BPCU “ i
Bashed.lines for the case of c_(=2 N g —6— Baseline scheme, worst user peformance k K3
otted lines for the case of a=3 \ : .
Solid lines for the case of a=4 \\ g N —— Baseline scheme, averaged user peformance
o \ —— Proposed scheme, worst user peformance
: —&— Proposed scheme, averaged user peformance
4 L L L L L 4 L L L L L
%10 15 20 25 30 35 40 %10 15 20 25 30 35 40
SNR in dB SNR
. . a)N =38
Fig. 4. The impact of the path loss exponenbn the outage performance @
of the energy harvesting relaying protocal3.= 1 BPCU. Rp = 2.5m and
d = 5m. All the curves are based on simulation results. 10° - .
R
located at(Rp, Rp). We focus on the case with sources, 2 .
; 1 1 R T
which are located & Rp, Bp), (Rp, 51p), (%RD_, Rp) and W0 oy |
(Rp, %RD), respectively. The common destination is locate: L Co
at (Rp + d,Rp) andd = 10m. In Fig.[3, we evaluate the z g .
performance of two coalition formation schemes based ¢ £
different payoff functions defined i (1L6) ardd {18), termbd t s F i
Baseline Scheme and the Proposed Scheme, respectively. § :
energy harvesting efficiency is= 1 and the cost coefficient Solid curves for the case of R=0.5 BPCU a
is k = 0.001. Different choices of the number of relays 17 Douedeunvesiorthe case of R=0.5BPCU o
and the targeted data rate are also shown in the figures. Baseing scheme, worst User performance
can be observed from the figure, by increasing the target —+— Baseline scheme, averaged user performance
. . —— Proposed scheme, worst user performance 4
data rate, the outage performance achieved by both caaliti | —=— Proposed scheme, averaged user performance| ‘

formation algorithms is reduced. When increasing the numb 10 15 20 > 30 35 40
of relays, i.e. increasing the value df, there are more relays

to help source transmissions, and therefore one can exysct t
the outage performance achieved by both schemes should¥§e>.  Outage probability achieved by the proposed coaliformation

. . . . algorithms. The cost for coordinating node cooperatior is 0.001, Rp =
improved, which can be confirmed by the two figures. 5m andd = 10m. All the curves are based on simulation results.

Another observation from the two figures is that the payoff
function in [18) can yield better outage performance co®paras in Fig.[5. As can be seen from the figure, the proposed
to the one based of ({L6). The reason for such a performaggglition formation algorithm can converge quickly, whiish
gain is that the payoff function i_(18) can efficiently ca@tu important to reduce the delay and computational complefity
how significantly a relay contributes to a coalition. Parégly  the energy harvesting cooperative system. In[ig. 7, theanp
the payoff function in [(IB) evaluates the ratio between ths different choices of the cost coefficient on the outage
SNR gain that a relay can bring to a coalition and the overgerformance is shown. As can be observed from the figure,
SNR achieved by the coalition. In the case that the overgicreasing the value of the cost coefficient will reduce the
SNR of one coalition is already large enough, the payofutage probability, which can be explained as follows. By in
function in [I8) encourages the relay to find an alternativgeasing the value of, the coordination of the same coalition
coalition in which this relay’s help is more significant. Asill result in more system overhead, which implies that each
a result, such a payoff function can ensure balanced rel&yurce prefers to reduce the coalition size. As a result eac
allocation among the sources. As discussed in Propositigurce will have fewer relays to help its transmission, \whic
[2, the proposed coalition formation algorithm based [0 (18)uses the degradation of the outage performance. IfFig. 8,
can avoid the unfair situations in which all relays join onghe outage probability is shown as a functionsgfwhere the
coalition, while other coalitions do not get any help frore thchoices ofx are [0.001 0.005 0.01 0.05 0.1 0.5 1}_
relays. Again we observe that the outage probability will be incezhs

In Fig.[8, the convergence of the proposed coalition formay enlarging «, similar to the observations from Fidl 7.
tion algorithm is studied, where the targeted data ratetiase An interesting observation is that the outage probabilgy i
R =1 BPCU, N = 8 and the other parameters are the sansensitive to the choice of whenk is of the order 0f0.001,

(b) N =4



whereas the outage probability curves are quite flat<faf 10° 5 2

the order of0.01. % ;

Outage Probability
=
o
b

—&— Worst user performance, SNR=20dB
—*— Averaged user performance, SNR=20dB
—*— Worst user performance, SNR=25dB
—6— Averaged user performance, SNR=25dB E
—»— Worst user performance, SNR=30dB
—+— Averaged user performance, SNR=30dB

-3| —6— Worst outage performance, one iteration
—*— Averaged outage performance, one iteration
—=4A— Worst outage performance, five iterations
—=&— Averaged outage performance, five iterations

Outage probability

b 107 L L
10° 107 10" 10°

The cost coefficier,

-5 ‘ ‘ ‘ ‘ Fig. 8. The impact of the cost coefficiert on the performance achieved
10 15 20 25 30 35 by proposed coalition formation algorithnik = 1 BPCU andN = 8. All
SNR the curves are based on simulation results.

Fig. 6.  The convergence of the proposed coalition formagégorithm. . . L. . . .
R = 1BPCU.%x = 0.001 and N = 8. All the curves are based on simulationfrom the destination, where a promising future directiomois

results. characterize the outage performance for cooperative mksvo
in a more general topology. A relevant topic of interest is
10° ™ whether it is more beneficial to use the relays deployed close

to the source, compared to the ones close to the destination.
A useful observation is that the source-relay channel nigt on
affects the reliability of the transmission from the soutoe
the relay, but also plays an important role for the transimiss
from the relay to the destination, since the relay trandonss
power is determined by the source-relay channel condition.
In addition, it is promising to study the use of amplify-and-
forward (AF) strategies at the relays. The use of AF will
significantly complicate the determination &f Thus, it will
be important to find the optimal choice 6f in this case and
also to understand the corresponding outage performance.
Note that this paper has considered the strategy of si-
multaneous information and power transfer, and this gyate
can be more energy efficient compared to the decoupled
10 15 20 R % ® 0 strategy, in which some sources send only information and
the other sources are placed only to deliver energy. Take the
Fig. 7. The impact of the cost coefficierton the performance achieved cooperative network described in Sectioh Il as an example,
by the proposed coalition formation algorithi® = 1 BPCU andN' = 8. j e one source-destination pair with multiple relays. Witee
All the curves are based on simulation results. . .
source broadcasts its message, some relays can first use part
of their observations for decoding, and then carry out gnerg
V. CONCLUSION harvesting by using the rest after successful decoding. As a
é@sult, the energy broadcast by the source can be fully used.

less information and power transfer to cooperative networfon the other hand, the energy efficiency of the system will
with spatially random relays. When there is a single sourc@€ reduced if we consider the decoupled strategy, since the
destination pair in the network, we have proposed thr@Qtential energy remaining in the relay observations canno
different strategies to use the available relays, and thmgiact be used efficiently.
on the outage probability and diversity gain has been cherac

ized by applying stochastic geometry. When there are nieltip

sources, relay allocation among the users has been modeled a

a coalition formation game, and two distributed game thi@ore [1] L. R. Varshney, “Transporting information and energgnaltaneously,”

algorithms have been developed based on different payoff " Proc. IEEE Int. Symp. Inf. Theory (IST), Toronto, Canada, Jul. 2008.
[2] P. Grover and A. Sahai, “Shannon meets Tesla: wireldssnration and

functions. Most of the. analytical results developed in faper power transfer,” ifProc. IEEE Int. Symp. Inf. Theory (ISIT), Austin, TX,
rely on the assumption that the relays are located far away Jun. 2010.
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Outage probability
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—<o— Worst user performance, k=0.001
—=4A— Averaged user performance, k=0.001
—— Worst user performance, k=0.1
—— Averaged user performance, k=0.1
—6e— Worst user performance, k=1

_3| —8— Averaged user performance, k=1

10

In this paper, we have considered the application of wir
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APPENDIX

and identically distributed points in the digt; denoted byiv;.

The point¥; contains the location information about the relay, / (4 (¢ +d?~2did cos(6,)) 2 ) (1+d7) (e —z0)

10
By using this density function, the probability il (4);, can
be re-written as

Q1 =P (zo +ny; (x; —€) < €,x; > ¢) (20)
€— X

n(w; —e€)

_ / // (1 _ e*(1+c§,")7f(j—f2)) (1 + d?)€7(1+d?)tdt
0 €
D

Q2

X pw, (w;)dw; fz, (x0)dxo,

where f,,(xo) is the pdf of zy. Since xg l‘}jjdli and

hq is assumed to be complex Gaussian distributed, we have
feo(z0) = (1 4+ d*)e~(+d")zo Note that the parametet;
is determined by the location of the relay, il&;, as shown
later.

To obtain a closed-form expression, the integpal can be
first re-written as follows:

o o0 (e—x0)(1+c$)
e~ (1+die _ / P T
0

X(1 4 d§)e”(I+dDGE+ g,
87(1+d§")5 _ (1 + dlq)ef(ler;")é

o0 (e—m)(14ef)
>< e nz
0

Now applying [Eq.3,324]in[18], the integral can be expegks
as follows:

RSy \/(1+C?)(1+d?)(6—$0)
n

K, <2\/(1+cf‘)(1—;df‘)(e—wo)>>7 (22)

where K,,(-) denotes the modified Bessel function of the
second kind. Givew;, the source-relay distanc&,the source-
destination distance and the angl®&;S D, denoted by;, the
relay-destination distance is given by

Q2 (21)

e—(1+d?)zdz'

el =d? 4+ d* — 2d;d cos(0;).

By using the above relationship, the probabil@®; can be
written as follows:

— C e de g _ d;,0;,)K d;, 0;
o / 4 (1 — 2(ds, 0K, (24(d3, 6:)))

X pw; (wi)dwifmo (xO)d*TO-

wﬁere q(d;,0;) is defined as q(d;, ;) £

the

By using

; At ; n
from which the source-relay and relay-destination d'mnchomogenous Poisson point process assumption and comyertin

can be calculated. And the probability density functionf(pd

of each pointl¥; is given by [11], [17]

As 1

pwl) = Ly = Ry

to polar coordinates, we have

1 € Rp 27 o
- —(I+r%)e (1 _
Q= [ [ et @3
X Kl (2Q(ra 9))) ’f'd’f‘d@fmo (‘TO)de-
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On the other hand, the probability of the event that bothe third probability in [[¥) can be obtained by applying the
source-relay and source-destination channels are podarea g following:

by
P(.TO <€ x; < 6)

/ (1 — e_(1+da)6) (1 - e_(1+d?)€) pw, (w;)dw;

D

R
12/ ’ (1 - e_(1+da)6) (1 - e_(1+Ta)€) rdr,
R% Jo

(24)

from which the third probability in[(7) can be obtained. Réca

that from the Poisson distribution, we have

— TR A

Plxo < €,z; <€)

R2
_ R% P (1 B e—(l+d2)e) (1 B e—(l-l—z)e) d=
D JO

1 2 1 2
_ _—(14d%)e 2 —e— _ _—R3e
R% (1 e ) <RD e . (1 e 'p ))
1 1
~ R—2(1 +d*)e (R% —(1—¢) (R% - 5R%e>>
D

%(R% +2)(1 + d*)é%. (29)

Combining [8), [2B) and(29), the second part of the theorem
can be proved. |

Combining the above equation wifll (1. 123) ahd| (24), the: firs

part of the theorem is proved.

To obtain the high SNR approximation, we first recall th

the use of the series representation of Bessel functiondsyi
the following [18]:

2

ml—l—gc—(lnz—i—co),

2K (z) 5 5

)

wherecy = 5
provided the transmission power is sufficient large,, ¢;) —
0. By using this observation, the integi@h can be approxi-
mated as follows:

Q2 em HdNe — o= (4N 9q(d;, 0,)Ky (24(d;, 6;))
e~ (HdDe _ o=(+dD)e (1 4 902(d;, 6,

x [Ing(d;, ;) + co))

—e~ A< (26°(dy, 0:) [In g(di, 0;) + co])

—2q%(ds, 0;) In q(ds, 0;) + co] ,

~
~

~
~

(25)

where the last step is obtained by applying— 0. Conse-
quently, a high-SNR approximation for the probabili®y is
given by

9 € Rp 27
Qi ~ ——2/ / / ¢*(r,0) [Ing(r,0) + co]  (26)
mR%, Jo Jo 0
X rdrdf f, (xo)dxo.

When Rp << d, all the relay-destination distances are
approximately the same as the source-destination distaace ~

¢i ~=d,Vie{l,...,N}. With this approximation, we have

q(d;, 0;) ~ \/(1 +d)(1 ﬂ;d?)(e —20)

When the transmission power becomes infinitgpes to zero,
S0 ase — g, sincexy < e. As a result, the factog(d;, 0;)

goes to zero when the transmission power becomes infini

By using this approximation, the probabilit9; in (@) can
now approximated as i _(R7), whebg = atd*)(e=zo) 4

the second equation follows from the assumption= 2.
After some algebraic manipulations, the probabilify can
be approximated as if_(28). For the special casecf 2,

e

@. An important observation is that

Proof of Propositiofl1 The starting point of the proof is to

Jreat the source-relay distances as constants and aveuage o

the small scale fading channels in the expression for thegeut
probability. Then the proof is completed by showing that the
outage probability is a decreasing function of the distance
Particularly, because ¥ > 1, P(N =0, Pzy < 7) =0, and
the outage probability can be obtained frdmh (7) as follows:

/O =00 (1 _ 20(d,, 0,)K1 (2q(ds, 6:))) (30)

X fuo(xo)dzo + Plao < €,2; <€),

B

whered; andc; have been treated as constants. Following steps
similar to those used in the proof of Theoréin 1, the outage
probability can be approximated as follows:

. 1+ d?)e? 1
P —w {lne—§+lneg+2co (31)
+(1+d*)(1 +d?)é?,
where e; = %n(l*d?). The derivative of the outage
probability in terms ofd; is given by
P
ad;
2d;(1 + d?)%e? 1 14+d*)(1 +d
z_% {m_iﬂnww%]
n
62(1 + d2)€2 1 le 2 2
- lne— =+ ———-+2 2(1 4 d*)d;
5 ne 2+(1+d?)+00+(+ )d;e
. 2\2 2 2\ 2
_2d1(1—21-d )¥e e — eg(l—gd )e Ine <0,
n

which demonstrates that the outage probability is a deitrgas
function of the source-relay distance. And the proof is
completed. |

Proof for Theorernl2 Conditioned on the density,, denote
R;- as the relay that is closest to the source, gnd(r) as
tllét'e pdf of the corresponding shortest distance. The prtityabi
Pa..(di~ > 1) can be interpreted as the event that there is no
relay located in the disc, denoted Bs, with the source at its
origin andr as its radius. Consequently we have

(u(Dr»;e—“(D") ——

Pdi* (di* > 7‘) =

(32)

k=0
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Rp 27
Q1 =~ WRD// / bo(1+r%) [ In(bo(1+r® ))—i—co] rdrd f., (zo)dxg (27)

= _R_% /O /ORD bo(1 + z) {5 In(bo(1 + 2)) + Co} dz fr, (z0)dz0

2 € 1 b0(1+R2D) 1
— _R_QD/O %\/I; t |:§ Int + Co:| dtfmg (xO)dea
0

2 11 1
Q1 ~ _R_2/ ™ {4 <b0(1 + R%)?In(bo(1 + R%)) — b3 Inby — 51)33%(}3% + 2)>
D JO 0
Ci
+?Ob(2)RD(RD =+ 2)} fao(zo)dxo
_ na (1+a*)?e  (1+d*e 1(1+d%)%
= o [RD(RD +2) (2 7 In g R (28)
1 d2 2 .2
+%((1 +R3)?In(1+ R3) + ey R (RS + 2))} .

On the other hand, the probabilit§,,. (d;- > r) can be 2]1+R7’1 (1+j2)ye—“¢ydy and by = ko (7(2,7As(1 +
[

expressed as R%)) — v(2,7A0)).
Pa,. (di= > 1) = Py (die > 1, N > 1)+Py.. (di= >, N = 0), On the other hand, we have
which leads to P(zo < e,z <elN 21) (37)
Rp
Pay. (die > r|N > 1) gL+ ) [ (e ar
0
7) % di* > aN Z 1
_ d; ( r ) (33) o o o ALR2 1 e—w)\¢R2
'PdT*(N21) :g(l—f—d)(f, 1—(1+RD)6 @ D+T— \ s
P (die >7) = Pa. (dr > 7, N =0) A T
B Pa,. (N > 1) where the approximation is obtained Wi — e~ *) ~ x for
e—mAor? _ o—mAs RS x — 0. Therefore, conditioned oV > 1, an asymptotic
= 3 : expression for the outage probability is given by

1 _ 877T>\¢RD

Therefore the cumulative density function (CDF)df con- p. . _ TAsC(1 + d?)2e2e™ e s+ 2baIne — ba(l — deg)] (38)

ditioned on N > 1 is [1 — Pg,. (d+ > r|N > 1)], and the ' 4n
corresponding pdf is given b e~ AR’
ponding pdf is given by 2 +<1_(1+R%)WRD+ )
fan(r) = 20mAgre ™o (34) ™A s
2
where¢ = %RQ Conditioned onV > 1, the addressed C1+d)

outage probafbnlty can be obtained frof (7) as follows: ~ On noting that the two parametedrsandb, are not functions
of ¢, the diversity gain can be obtained as follows:

Pi = Plxo+ny (i —€) < e, x« >e€lN>1
(wo + 1y ( ) | ) . 1ng . log (62 hll)
Qs lim = —lim =\ T 9 (30)
’P 551 (35) "~ Pooolog P P—oo  log P
< 6T < fl .
+P(z0 < e ‘| ) And the theorem is proved. |

Following the steps similar to those used in the proof of
Theorent L, the probabilit§); can be approximated as follows: Proof of Theorerfl3 The proof can be completed by first
finding an upper bound of the outage probability and then

R €
Q3 ~ / } / (—2¢°(r,0;) [Inq(r, 6;) + co)) showing that the achievable diversity gain is the same as the
0 0 maximum diversity gain. The probability ii_(1.3) can be upper
X fuo(T0)dxo fa,. (r)dr bounded as follows:
1+ d?)e? [Br n -
~ —%‘/O bl [21nb1€ -1+ 400] fdi* ('f')d'f‘, QS < H,]) (Zi < T ZCOP’xi > €7i c 8)
i=1

whereb; m By applying the pdff, . () in 34), T —xoP "
the probability can be approximated as [n1(36), wheye= - [P (Zi < P = 6)] ' (40)
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1 d2 2 Rp
Qs =~ —H% / b1 [2Inbre — 1 + 4eg) 27T/\¢<T€_7T>\¢T2d7° (36)
0
1+ d2)2e2ere™ 1+R2, 1+ d2
_Smag( +4 )°e’e / y {QIHM +2Ine — 1 +4co| e ™Ydy
n 1 n
1 & d2)2e2e™ s
_ M4 dY) e [bs + 2bsIne — ba(1 — 4co)] ,
4n
wheren = |$‘|~ is used for notational simplicity and theBy applying the high SNR approximation, we obtain
conditioni € S is removed sincer; > . Note that the .
probability in [40) is exactly the same &s120) when treating 1 , €€ > €/ R
as a constant. Therefore, following similar steps in theobro73 (zi <¢) = R_% Rp — E L= Z(_l)] ]!
in Theorentd, the probabilit@)s can be obtained as =1
on 1 R2 1—e¢ R2 2R
~ — €
Qs ~ Fups [ (BB(L + R3)? In(bo(1 + R3)) — b3 Inbo Ry \"P P
R2
" ~ 1+-2). 45
_§b§R%(R% +2)) + %ObgR%(R% +2)] . 6( T ) (45)
Define Now the overall outage probability can be upper bounded as
follows:
P
&= { (Zzﬂ()< ()>61<z<n>} N-n
<3 y ¢ v« X (14 22) My e
By first applying some algebraic manipulationsd@g, this ! Dn
expectation can be written as follows: (14 a)\ ! (1n (1+sz>f)
1< =579, 1tInt + Bot]” (a1 +nt . - .
2"RE Jo Following steps similar to those used in the proof of
u " Q4d®)e Theorem[2, it can be proved that the achievable diversity
- _% Z <k>ﬂf ;"’“/ t"(Int)*dt gain is (N + 1). (N + 1) is the maximum diversity gain
D k=0 0 for the addressed network, which can be shown by using a
i LI % conventional cooperative network to obtain the upper bound
~ SnpE > <k> B ;"“/0 t" M (Int)*at, and the theorem is proved. u
D k=0
where, = R3(R2 +2) and; = (1 + R2)?In(1 + R%) + Proof of Theorerf1l2 By ignoring the cost, the value &,
4e1R% (R + 2). Note that can be written as follows:
SNRs, —SNR ;
) k+1 ' k—m-1 8 — Sm S/ J 47
/ tn(lnt — n+1 Z m+1 k(lnd}) ) ’U( m) Z SNRSm ( )
0 (k—m+Dl(n+1)m JESm
. 3. Prjlg;]
By using such a resuIt, we have _ JESm  1+cf
n " Plham|? Prjlgsl?
ntl g (ln _(1+:712)5) T, t e, Tthel

_an o, (1+d?)e
ar 2”R%"Bl< . CES)I

On the other hand, the probability of havifg’ — n) relays
that cannot decode the source message is given by

P (.’L'ﬂ-gc(j) <e1<j<N-— n) =(P(z; < 6))N_n. (43)

(42) And the value ofS,, after removingi can be written as

follows:
S — Prjlgs|?
. je 7n;.j 7: 1+CQ‘
oS \{i}) = F7 s
‘ dm‘ +Z m]‘gjl
1+dg,, JESm,J#i  1+c§

. (48)

Again by applying stochastic geometry, we have On the other hand, the value 6f, can be easily obtained as

Plai<e) = / (1= e D) pu (wi)dws (aa) Tollows:
Pvlm|9(i|2
Rp 277 ) () = 5 e (49)
et rr [hdm |2 Prilgil?”’
= 7TR / / — eI+ )) rdrdf 1_’_3&1 + 1+é]?
_ R2 (1 _ _ER%) and the value of,, after removing is zero, i.e.p(S,\{i}) =
N R2 Do ¢ ’ 0. Consequently, the overall network benefit®f andsS,, can



be obtained as follows:

> Ppjlg;l®
JESm jF#i 1+C§-)‘

v(S v(S i) = 50
(Sn) 4 0SND = Frp = —7opE 60
1+dg,, JESm ~Itc?
Prilgil®
1+c§"
Plham|? Prjlgil?”’
1+dg,, + Zjesm T4c
when the relayi leavess,, and joins inS,,, and
Z s + mJ|9]‘
. JESm,jF 1+c
U(Sm\{l}) =+ U(Sn) = P 2 lg; 12 (51)
| dm| + Z mJ 9j
1+d0‘ JESm jFi 1+c
Ponilgil®
1+c§"
F Pl | Pl
1+dg,, T+c?
when the relayi leavesS,,, and joins inS,,. Since¢;(S,,) <
¢:(Sn), we have
Prjlgil® Prilgi|®
T+c? 14-cf"
d ) 52
Plham|? +Z Prmjlgil? < Plhgm|? + Prilgil? ( )
1+dg,, JESm ~Itcd I+dg,, T+c?

Combining [[49),[(5D) and (%2), the proposition can be proved

14



	I Introduction
	II Energy Harvesting Cooperative Networks with One Source
	II-A Random relay selection
	II-B Relay selection based on the second order statistics of the channels
	II-C Distributed beamforming

	III Energy Harvesting Cooperative Networks With Multiple Sources
	III-A A baseline approach without considering user fairness
	III-B A user-fairness coalition formation approach
	III-C A distributed coalition formation algorithm 

	IV Numerical Results
	IV-A Energy harvesting cooperative networks with one source
	IV-B Energy harvesting cooperative networks with multiple sources

	V Conclusion
	References
	Appendix

