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Abstract

We study the problem of optimal power allocation among relays for lifetime maximization in a

dual-hop cooperative network operated by amplify-and-forward relays with battery limitation. We first

formulate the optimization problem for global noncausal power allocation and present a solution based

on dual decomposition. In the special case of static channels, we provide a closed-form solution for

lifetime maximization, which simply requires equally distributing energy over time for each participating

relay. Based on this, we then develop a perceived lifetime (PLT) power allocation strategy, which can

be viewed as a causal implementation of the noncausal solution by considering only the current channel

state information. We also present a minimum weighted totalpower (MWTP) strategy that does not

depend on the prediction of future channel state. PLT and MWTPare compared through analysis and

simulation, and it is demonstrated that both result in lifetime performance close to that of the noncausal

optimal solution, and that they significantly outperform the conventional strategy of minimizing the

total power per transmission, especially when the link conditions are asymmetric or initial energy

levels nonuniform among relays. We further extend the proposed power allocation strategies to relay

cooperation with multiple sources and discuss how different network configurations affect relay power

sharing among the sources.
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I. I NTRODUCTION

Cooperative relaying has been considered a key area of research and development for future-

generation wireless networking. It is a promising communication technique to improve coverage,

throughput, and reliability, through effective resource sharing in the network. Much research

effort has been devoted in the past to understanding the behaviors and benefits of cooperative

relaying. Some early works include information theoretic studies following the seminal work

in [1], and extensive studies have been conducted in network-layer designs focused on packet

forwarding in ad hoc and mesh networks [2]. More recently, the benefit of user-cooperation has

been identified from a different perspective, in the new paradigm of cooperation diversity at the

physical layer, as a means to improve reception reliability[3][4]. This paradigm has its root in

dual-hop relaying, and it has generated much interest in further analyzing the cooperative gain

in a variety of dual-hop relay channels and in how to realize such gain with practical schemes

[5]- [9]. Two types of relaying strategies are most commonlyconsidered, amplify-and-forward

(AF) and decode-and-forward (DF), with the former being thesimpler to implement.

In some cooperative relaying applications, it is likely that relays are battery-operated, such

as stand-alone relay stations away from the power grid, or peer users in an ad hoc network

or multi-hop cellular network. Extending the lifetime of such networks becomes pivotal to

maintain uninterrupted data exchange and to reduce the needfor replenishing the batteries.

There has been much research on energy-efficient packet forwarding in the ad hoc and sensor

networking paradigms. However, studies on lifetime maximization forphysical-layer cooperative

relaying have so far been scarce. Existing works on relay power allocation mainly focus on

per transmission power usage, either for the optimal power allocation with a given power

budget to maximize certain communication metric in the network, or for the minimum level

of power consumption per transmission to guarantee some system performance [10]-[20]. These

approaches are applicable in the scenarios with tethered power resources. However, when the

relays have limited energy, the above results do not necessarily indicate the network lifetime.

In this work, we consider the lifetime of a dual-hop cooperative network operated by battery-

limited relays using AF. We explore how appropriate power allocation among relays may lead

to prolonging network functionality. The lifetime in this work is defined as the time duration for

which the network is able to sustain a minimum data rate. We focus on relay cooperation where
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all available relays participate in data forwarding. A slowfading environment is considered;

however, we do not assume the communication links have fixed statistics.

A. Summary of Results

We first focus on the globally optimal power allocation solution. For a single-source relay

network, we formulate the problem of maximizing network lifetime as a globalnoncausal

power allocation problem with fixed energy constraints. Even though this results in an integer-

programming problem, we show that it can be solved using a dual decomposition method that

breaks down the problem into separate subproblems. The noncausal solution can serve as a

performance upper-bound for any causal algorithm. To our knowledge, this global solution has

not been studied before.

In a special case of static channels, we provide a closed-form optimal power allocation

solution for lifetime maximization, which calls for evenlydistributing energy over time for

each participating relay. This solution is practically appealing for its implementation simplicity

and significant reduction on the required feedback overhead.

Based on insights obtained from the closed-form solution in the static-channel case, we then

develop a power allocation algorithm for the general time-varying channel case. It can be viewed

as acausal implementation of the lifetime-maximizing noncausal solution by computing theper-

ceived lifetime with the current channel state information (CSI). We term it the perceived-lifetime

(PLT) algorithm. PLT essentially maintains the same energyefficiency for each participating

relay. We also present a strategy based on theminimum weighted total power (MWTP), which

is energy-aware but does not depend on the estimation of future CSI. Based on the closed-form

solution obtained, we are able to further analyze the behaviors of PLT and MWTP in a two-relay

system, deriving new insights on their performance differences. Note that both PLT and MWTP

are centralized power allocation strategies. However, we show that, for PLT, the destination only

needs to broadcast a single parameter to all relays for powerallocation, while unicasting the

required power to each relay is needed for MWTP.

Simulation results with more general relaying networks further demonstrate that PLT and

MWTP perform well in comparison with the noncausal optimal solution, while PLT is more

suitable when asymmetric initial energy levels and/or linkconditions are present in the network.

Both can significantly outperform the conventional minimum total power (MTP) strategy often
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considered for relaying.

Finally, we extend PLT and MWTP to the case with multiple sources, each allocated a fixed

share of the transmission resource (e.g., time or frequency). Our simulation results demonstrate

how different network configurations affect relay power sharing among multiple sources and the

network lifetime.

B. Related Works

The existing studies on cooperative relaying are centered at investigating different relay

strategies (e.g., AF and DF) and their performance in relay cooperation and corresponding power

allocation. Most current works focus on optimal power allocation without energy limitation. Some

of these studies concern optimal power splitting between the source and the relay in single-

relay cooperation, for either transmit power minimizationgiven performance requirements or

performance maximization for given transmit power, where the performance metrics may be

data rate [12][13][20], outage probability [14][16], or bit error rate [15][20]. For multiple relays,

optimal power allocation for relay cooperation and selection for data-rate maximization have been

considered in [17], distributed relay selection schemes are studied in [10] and [11], and joint relay

strategies and resource allocation in OFDM cellular systems for network utility maximization is

discussed in [19]. Without energy limitation, these works do not consider the system lifetime.

Studies on lifetime maximization for cooperative relayinghave so far been scarce. In [21], the

authors studied relay placement and power assignment for DFcooperative relaying in a multi-

node network. Their goal was to maximize the minimum node lifetime, under bit-error-rate

constraints in an uncoded M-PSK transmission system. Theirpower allocation was static, based

on the channel statistics only. In this work, we consider AF with separate sources and relays,

and power allocation is dynamic over time. In [22], power allocation schemes are devised to

prolong the lifetime of a single-source AF cooperative network. The authors focused on single-

relay selection given some known channel statistics. They studied several selection strategies

and the corresponding power allocation algorithm, assuming a finite number of power levels.

The network lifetime was defined by the required SNR at the destination to maintain a certain

outage probability. In this work, we focus on relay cooperation instead of relay selection, our

network lifetime is defined as the duration when a certain data rate is achievable, we consider

a continues range of power levels, and our causal power allocation strategies do not rely on the
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knowledge of channel statistics.

The issue of prolonging network lifetime has also been studied in the context of wireless sensor

networks (WSN) (see for example [23]-[27] and literature therein), as severe energy limitation

makes such issue the most critical in such network to function. A few main differences exist

between lifetime maximization we are considering in the relay cooperation and the existing

frameworks for WSN lifetime, which make results obtained in WSN not applicable to our

problem. The first is regarding the lifetime definition. In WSN, most studies use lifetime defined

indirectly as the time until the battery of a node drains out [26], or a portion of sensors are dead

[27]. This definition is mostly applied to the single-hop network topology, or non-cooperative

transmissions. In cooperative relaying, we consider possibly very distinct link statistics among

sources and relays, as well as asymmetric initial energy at relays, as opposed to the identical

ones commonly assumed in densely populated sensor networks. Thus, energy depletion of some

relays may not result in the end of lifetime of a cooperative network, so long there are relays

to forward the data with required performance satisfied. Thedefinition of lifetime for relay

cooperation targets directly at the operability of the network to maintain certain performance

requirements. In terms of performance focus, most of studies in WSN focus on developing

and analyzing efficient routing or medium access protocols to prolong the network lifetime in

a multi-hop network, with assumption of perfect physical layer performance (i.e. perfect DF

forwarding). Links among nodes is normally abstracted as a weighted graph. In cooperative

relaying, the actual physical layer link condition and how cooperation can improve the link

condition is the main focus. Power allocation in this case will have direct impact on the network

lifetime.

C. Paper Organization

In Section II, we discuss the network model and lifetime formulation. Then we present a

noncausal optimization framework and solution for lifetime maximization in Section III. The

causal solutions and their analysis, including a closed-form optimal solution for the static channel

case, PLT, and MWTP, are presented in Section IV. The multiple-source extensions are given in

Section V. Section VI provides the simulation and comparison results, and finally conclusions

are given in Section VII.
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Fig. 1. Dual-hop cooperative network.

II. PROBLEM FORMULATION

A. Network Model

We first consider a dual-hop cooperative network where a source nodes transmits data to

a destination noded with the assistance ofN relays, as shown in Fig. 1. An extension to

the multiple-source case will be presented in Section V. We constrain ourselves to half-duplex

transmission, where a relay node is either in transmission or reception but not simultaneously.

Assumingxs(t) being the source data to be sent at timet, a cooperative transmission takes

place in two phases. In the first phase, the source node broadcasts its dataxs(t) to the relays

and the destination. In the second phase, the relays forwardan amplified version of the received

signal from the source to the destination node with its designated powerPk(t), k = 1, · · · , N .

We assume each relay transmits the data using an orthogonal channel (e.g. frequency or time).

Such arrangement arises in the case where coherent transmissions among relays are not possible,

either in an asynchronous network, or no instantaneous channel state information available at

the relays.

The signals received at thekth relay and the destination in the first phase are given by

yrk(t) =
√

Pshsk(t)xs(t) + nrk(t),

yd(t) =
√

Pshsd(t)xs(t) + nd(t), (1)

wherehsd(t) andhsk(t) denote the channel gains between source and destination, and source and

relay k, respectively. They capture the path loss with exponentα, shadowing, and small-scale
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flat fading. The source transmit power is denoted asPs. The noise termsnrk(t), k = 1, · · · , N ,

andnd(t) are the additive white Gaussian noises at timet. Without loss of generality, we assume

the noise variance is the same for all links and denote it asσ2
n, i.e. nrk(t), nd(t) ∼ CN (0, σ2

n).

The forwarded signal at the destination by thekth relay in the second phase is given by

ydk(t) =

√

Pk(t)

Ps|hsk(t)|2 + σ2
n

hdk(t)yrk(t) + ndk(t), (2)

wherehkd(t) denotes the channel gain between relayk and the destination, andndk(t) is the

corresponding additive Gaussian noise with varianceσ2
n. With slight abuse of notation, we still

use timet for the second phase transmission, to indicate that it is part of the transmission (2nd-

hop) of the same source dataxs(t). Nonetheless, such notation should not cause confusion, as

it essentially indicates the time of a complete dual-hop relay transmission.

From (1) and (2), the received SNR from thekth relay is given by

γk(Pk(t)) =
PsPk(t)bk(t)ck(t)

1 + Psbk(t) + Pk(t)ck(t)
, (3)

where bk(t) = |hsk(t)|2/σ2
n and ck(t) = |hkd(t)|2/σ2

n are the nominal received signal-to-noise

ratio (SNR) with unit transmit power at relayk and the destination (from relayk), respectively.

Since relays use orthogonal transmissions, at the destination, the maximum ratio combining

(MRC) technique can be used to add coherently the received signal observations, leading to a

combined SNR of all received SNRs from the relays. Therefore,the effective end-to-end data

rate is given by

C(t) =
1

N + 1
log

(

1 + Psa(t) +
N
∑

k=1

γk(Pk(t))

)

, (4)

whereak(t) = |hsd(t)|2/σ2
n is the nominal received SNR from the direct path, and1/(N + 1) is

the bandwidth efficiency factor, reflecting the orthogonal transmissions.

B. Lifetime for Cooperative Relay

We assume that relays are battery powered. LetE(t) = [E1(t), · · · , EN(t)] be the relay residual

energy vector withEk(t) being the residual energy of relayk at timet. The initial energy is then

given byEk(0) for relay k. A relay gradually depletes its energy as it participates inforwarding

the source message. A relay can no longer cooperate if its required energy for the current

transmission is more than its residual energy. To define the lifetime of such a relay network, we
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use a more direct definition to capture the functionality of the network. That is to maintain the

quality of service (QoS) requirement of the end-to-end datatransmission subject to a limited

energy budget at each relay. Therefore, we define relay network lifetime as the time interval

during which the end-to-end data rate is maintained above a minimum required rateR, i.e

T = max{t : C(t′) ≥ R, 0 < t′ < t}. (5)

Based on this definition, the source would no longer be able to convey its message with required

rateR through relays after timet > T . Note that beside the data rate, other performance metrics

can be employed, as long as they can be converted to a minimum SNR requirement. Examples

include the end-to-end bit error rate requirement or the packet delay constraint. All of such

metrics eventually lead to a similar type of power allocation strategy.

The transmission power allocated on a relay at timet should satisfy the energy constraint:

Pk(t)∆t ≤ Ek(t), where∆t denotes the transmission duration. A network is calledfunctional

at time t, if there exists a feasible relay power allocation vectorP (t) = [P1(t), · · · , PN(t)]T

that satisfies both energy and QoS constraints. A network should be functional during its entire

lifetime. We denote the matrixP(T ) = [P (0), P (1), · · · , P (T )] as theN × T power allocation

matrix during the network lifetime, with columns and rows corresponding to time and relay

nodes, respectively.

Note that, when the network reaches its lifetime, each relaymay have some residual energy left

which is not sufficient to forward the signal at the required rate. Therefore, the lifetime depends

on both the amount of actual energy spent and the transmission power used. Minimizing relay

transmission power at each time does not necessarily prolong the network lifetime, as residual

energy also needs to be taken into account on how power shouldbe allocated. This fact will be

further explained and demonstrated in the simulations. Ourobjective is then to seek effective

power allocation strategies to maximize the lifetimeT .

III. POWER OPTIMIZATION FOR L IFETIME MAXIMIZATION : NONCAUSAL SOLUTION

We first ignore the causality issue for power allocation, i.e. the allocation vectorP (t) can be

determined based on future link conditions. Then our lifetime maximization problem essentially

is a global optimization problem with entries ofP as the optimization variables. We assume that

the power of relays remain constant within each transmission slot with duration∆ and we set
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∆ = 1s without loss of generality. Therefore, our optimization problem can be expressed in a

discrete version witht as slot index andT = n∆ as the lifetime. The optimization is then given

by

max
P(n)

n (6)

s.t.(i)
n
∑

t=1

Pk(t) ≤ Ek(0), for k = 1, · · · , N ;

(ii) Psa(t) +
N
∑

k=1

PsPk(t)bk(t)ck(t)

1 + Psbk(t) + Pk(t)ck(t)
≥ γth,

for t = 1, · · · , n;

(iii) Pk(t) ≥ 0, t = 1, · · · , n; k = 1, · · · , N,

whereγth
∆
= (2(N+1)R − 1) is the SNR threshold for the required rateR. The first condition

ensures that the total expended energy by relayk during the network’s operations will not exceed

the initial energyEk(0), while the second constraint provides the rate requirementas the QoS

constraint. Finally, the power variables are non-negative.

At first glance, the problem (6) seems to be an integer-programming problem and possibly hard

to solve. However, notice that, for a givenn, this problem is transformed into a feasibility problem

with convex constraints. The maximum value ofn for which a feasible solutionP(n) exists can

be obtained numerically using bisection search. Specifically, we decompose the problem into two-

nested search loops. The outer loop variesn and the inner loop search for a feasible solution

P(n) at the given value ofn. As for the feasibility test, we use a dual decomposition method to

break down the optimization problem into a set of subproblems that are individually solvable.

Specifically, for a givenn, we define the lagrangian function associated with (6) by

Γ(P(n),µ, n) =n +
n
∑

t=1

µt

(

Psa(t) +
N
∑

k=1

γk(Pk(t)) − γth

)

=n +
N
∑

k=1

( n
∑

t=1

µtγk(Pk(t))

)

+
n
∑

t=1

µt(Psa(t) − γth), (7)

whereµ = [µ1, · · · , µn] are the dual variables, andγk(Pk(t)) is given in (3). Then, the dual



SUBMITTED TO IEEE TRANS. ON SIGNAL PROCESSING 10

function is obtained as

g(µ, n) =











max
P(n)

Γ(P(n),µ, n)

s.t. constraints(i), (iii) in (6)

. (8)

It can be decomposed toN underlying subproblems corresponding to theN relays

gk(µ, n) =



















max
Pk(1),··· ,Pk(n)

n
∑

t=1

µtγk(Pk(t))

s.t.

n
∑

t=1

Pk(t) ≤ Ek(0), Pk(t) ≥ 0

(9)

for k = 1, · · · , N . Note that the interaction among the relays over the duration of lifetime is

controlled through the use of dual variablesµ common to all relays. It controls the relative

power allocation over time to ensure the rate requirement ismet at each time slot, so that a

higher value ofµt induces more power allocated to timet. Note that having the local knowledge

of CSI for all time allows each relay toindividually solve (9) for a givenµ and obtain the

optimumP ∗
k (t).

For a givenn, the problem in (6) is convex. Due to the zero-duality-gap property of a convex

problem, if (6) is feasible for that givenn, then this feasible solution can be found via its dual

problem

min
µ

g(µ, n) = min
µ

{

n +
N
∑

k=1

gk(µ) +
n
∑

t=1

µt(Psa(t) − γth)

}

s.t µ � 0, (10)

where� denotes the element-wise inequality. To solve (10), the subgradient method can be

adopted [28]. In this method, we keep updatingµ through the following iteration procedure

until convergence is achieved.

1) Initialize µ
(0)

2) Givenµ
(l), solve (9) fork = 1, · · · , N to obtain the optimal values ofPl∗(n). Using the

Lagrangian method with KKT conditions,P l∗
k (t) is obtained as

P l∗
k (t) =

[

√

µl
tλ

−1Psbk(t)ck(t)(1 + Psbk(t)) − 1 − Psbk(t)

ck(t)

]+

(11)

where [x]+
∆
= max(0, x), andλ is chosen such that constraint (i) in (6) is satisfied. The

derivation of (11) is presented in Appendix B.
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3) Set

µl+1
t = µl

t +

(

γth − Psa(t) −
N
∑

k=1

γk(P
l∗
k (t))

)

νl, (12)

for t = 1, · · · , n, whereνl is the step size at thelth iteration.

4) Let l = l + 1; Return to step2 until convergence.

The above subgradient algorithm is guaranteed to converge to the optimalµ∗, if the step size is

chosen by the diminish step-size rule. The rule requires thestep size to converge to zero and to

be nonsummable
∑

l ν
l = ∞ [28]. We setνl = 1/l which satisfies the above rule. Onceµ

∗ is

obtained, the optimal primal variablesP∗(n) can be calculated from (11). If the calculatedP
∗(n)

satisfies all the constraints (i)-(iii) in (6), the problem is feasible for the givenn. Otherwise, if

either the iteration procedure diverges, or the solution violates the constraints, the problem is

declared to be infeasible for the givenn.

If the problem (6) is feasible forn, we can be assured that this problem is also feasible for

n′, wheren′ ≤ n. Therefore, the bisection method can be used as a search method for the outer

loop to find the maximum lifetimen whose correspondingP∗(n) satisfies all the constraints of

(6).

As mentioned earlier, in order to solve the general optimization problem in (6), knowledge of

the CSI of all links for the entire lifetime is required. Therefore, the above solution is noncausal

and can only be adopted for the static or very slow fading environments. For general time-varying

channels, where future CSI cannot be obtained or estimated, acausal power allocation strategy

is required.

IV. L IFETIME MAXIMIZATION : CAUSAL ALGORITHMS

To address the issue of causality, we first focus on the static-channel case and present a closed-

form lifetime maximizing power allocation solution. Based on this solution, we then provide the

causal PLT approach for time-varying channels, which only relies on the present CSI and residual

energy. We also present the MWTP approach and compare the two approaches analytically.

A. Static Channel Case

We consider the optimization problem in (6) for a special case where channel gains are static

over time. We drop the time indext from ak(t), bk(t) andck(t) for the optimization problem in
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(6). However, the optimum powerPk(t) is still subject to change due to the variation of residual

energyEk(t) over time. In the following, we show that, for the static channel case, the previous

global solution has a closed-form expression, which corresponds to a simple power allocation

strategy amenable to easy implementation.

Proposition 1: For static channels, the following power allocation strategy is optimal for the

problem in (6)

P ∗
k (t) =

Ek(0)

n∗
, t = 1, . . . , n∗, (13)

where the maximum lifetimen∗ is given by

n∗ = max

{

n : Psa +
N
∑

k=1

Ek(0)Psbkck

n(1 + Psbk) + Ek(0)ck

≥ γth

}

. (14)

Proof: See Appendix A.

The power allocation scheme in Proposition 1 essentially suggests that equally distributing

the energy of each relay over time (i.e. constant power) maximizes the network lifetime. Note

that although this optimal solution turns out to be simple, it is a nontrivial solution. Considering

the case where the relays with different initial energy can be positioned anywhere and thus

exhibit very different link conditions (i.e.bk and ck), it is not immediately obvious that the

constant-power solution for all relays would give the maximum lifetime. At the same time, a

power allocation approach that minimizes the total power used by the relays at each time is

suboptimal for lifetime maximization, which is verified also in the later simulation results.

The solution in Proposition 1 also has the following characteristics:

P1) It maintains equal energy efficiency among participating relays after each transmission,

where the energy efficiency is defined as

ηk(t)
∆
=

Ek(t)

Pk(t)
= n∗. (15)

P2) It minimizes the sum of wasted residual energy at the end of the network lifetime.

From the practical engineering point of view, this allocation scheme is very easy to implement.

It requires the exactsame fraction of the remaining energy to be allocated for each relay. All

the information required for each relay isn∗, which can be broadcasted to each relay.
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B. Perceived Lifetime (PLT) Power Allocation Strategy for Time-Varying Channels

Now we consider a more practical case when the channels amongsource, relays, and desti-

nation are slowly varying over time, possibly due to movement induced path loss, shadowing,

or small-scale flat fading. For each relay, the power to be used at each transmission can only

be based on causal information of the channel and residual energy. Based on the optimal power

allocation strategy in the static-channel case, we proposethe following PLT power allocation

approach.

At each timet, for given channel gains and remaining energy({ak(t), bk(t), ck(t)}, Ek(t)), we

compute the maximumperceived lifetime and the corresponding power allocation:

n∗(t) = max

{

n : Psa(t) +
N
∑

k=1

Ek(t)Psbk(t)ck(t)

n(1 + Psbk(t)) + Ek(t)ck(t)

≥ γth

}

, (16)

Pk(t) =
Ek(t)

n∗(t)
, for k = 1, · · · , N. (17)

Essentially, the PLT algorithm tries to maximize the network lifetime at each transmission

stage assuming the current channel gains will not change in the future. At the same time, this

strategy also attempts to maintain the two properties P1 andP2, given in the static channel case.

In the simulation examples, we will compare the PLT algorithm with the optimal noncausal

power allocation solution under time-varying channel scenarios.

C. Minimum Weighted Total Power (MWTP) Strategy

The PLT algorithm can be viewed as a causal implementation ofthe noncausal power allocation

solution by assuming the future channels stay the same as thecurrent ones. Without assuming

the future channel conditions, we now introduce another strategy that directly targets at reducing

the current transmission powers among the relays. As mentioned earlier, minimizing the total per

transmission power at relays without residual energy consideration is not necessarily prolonging

the lifetime. Instead, we propose to minimize a weighted total power per transmission, where
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the power allocation at timet is the solution of the following optimization problem

min
P (t)

N
∑

k=1

Pk(t)

Ek(t)
(18)

s.t 1) C(t) ≥ R

2) P (t) � E(t).

The weight for each relay is the inverse of residual energy attime t, i.e. more weight is given for

the relay with smaller residual energy, inducing the relay to use less power for relay cooperation.

From the the static-channel case, we observe that to maximize the network lifetime, all relays

would deplete energy at the same time. The strategy in (18) istrying to achieve this goal through

residual energy weighting.

Since the optimization in (18) is convex, we can solve it by using KKT conditions. Considering

the Lagrangian

Γ(P1(t), · · · , PN(t), λ) =

N
∑

k=1

Pk(t)

Ek(t)
+ λ

(

γth −
N
∑

k=1

γk(Pk(t)) − Psak(t)

)

(19)

with multiplier λ. By applying KKT conditions similar as in Appendix B, the optimal power

Pk(t) allocated to relayk is determined as

Pk(t) = min

{

Ek(t),

(

√

λEk(t)βk(t) − Psbk(t) − 1

ck(t)

)+}

, (20)

whereβk(t) = Psbk(t)ck(t)(1 + Psbk(t)). Parameterλ is chosen such that the minimum rate

requirementC(t) = R is met, whereC(t) is given in (4). Note that, without considering the

residual energy, (18) would reduce to the conventional strategy to minimize the total power

(MTP). The solution of MTP can be obtained by simply removingEk(t) in (20).

Note that the amounts of feedback required in PLT and MWTP are also different. They both

can be implemented in a centralized manner, where the destination collects channel and residual

energy information and then computes the appropriate powerlevels. While in the MWTP and

MTP approaches, the destination needs to send the computed power levels to each individual relay

at each time slot, the feedback in the PLT approach only requires the destination to broadcast a

single parametern∗(t) for all relays, wheren∗(t) is the momentarily perceived lifetime value.
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D. Power Allocation Analysis in the Two-relay Case

To obtain some insightful understanding on how the proposedpower allocation schemes behave

differently in various cases, we analyze the assigned powerfor networks two relays (N = 2).

In the following analysis, we make an assumption that the source-relay channels are sufficiently

strong so thatPsbk(t)+1 ≃ Psbk(t), k = 1, 2. Furthermore, the SNR thresholdγth (corresponds

to the required rateR) must satisfyγth < Psa(t) + Ps(b1(t) + b2(t)). This is because the

maximum attainable SNRs through the AF relays1 and 2 are upper bounded byPsb1(t) and

Psb2(t), respectively; if the assumption is not true, then the required rate could not be maintained,

regardless of how much power each relay contributes.

In the following, we compute the power allocation at timet. For notational simplicity, we

drop the dependency oft in the following calculation. For the PLT approach, from equation

(16), the maximum perceived lifetime for the two-relay network is reduced to

n∗ = ⌊−A +
√

B2 − 4AC

2A
⌋ (21)

where

A = P 2
s b1b2(γth − Psa),

B = Ps[E1c1b2(γth − Psa − Psb1) + E2c2b1(γth − Psa − Psb2)],

C = E1E2c1c2(γth − Psa − Psb1 − Psb2).

The corresponding power allocation solution is simply calculated asP1 = E1/n
∗ andP2 = E2/n

∗.

We consider thepower ratio factor, κ = P1/P2, that characterizes any approach. For PLT, it is

given by

κPLT =
E1

E2

. (22)

If the MWTP approach is used, from (20), we have

P1 =





Psb1

c1

(

Psb2

√

E1c1
E2c2

− Psb2 − Psa + γth

)

Psa + Ps(b1 + b2) − γth





+

(23)

and

P2 =





Psb2

c2

(

Psb1

√

E2c2
E1c1

− Psb1 − Psa + γth

)

Psa + Ps(b1 + b2) − γth





+

, (24)
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where we assumePi < Ei, for i = 1, 2. From (23) and (24), we realize that as long asγth >

Psa+max(Psb1, Psb2), P1 andP2 remain positive regardless what the value of residual energies

E1 andE2 are (note thatγth < Psa + Ps(b1 + b2)). In this case, the power ratio factorκ is equal

to

κMWTP =
b1c2

(

Psb2

√

E1c1
E2c2

− Psb2 − Psa + γth

)

b2c1

(

Psb1

√

E2c2
E1c1

− Psb1 − Psa + γth

) . (25)

In the MTP approach, power allocation is not a function of residual energy, and the ratioκ

would reduce to

κMTP =
b1c2

(

Psb2

√

c1
c2
− Psb2 − Psa + γth

)

b2c1

(

Psb1

√

c2
c1
− Psb1 − Psa + γth

) . (26)

While κPLT in (22) increases linearly withE1/E2 at highE1/E2 region,κMWTP in (25) grows in

the order ofO(
√

E1/E2). The different order of increment for the PLT and MWTP approaches

reveals that whenE1 ≫ E2, PLT allocates more power to relay1 than MWTP does. Hence,

MWTP is more conservative than PLT in terms of assigning powerfor the relay with higher

residual energy. This behavior is observed whenκPLT > κMWTP, or equivalently

E1

E2

>
b1c2

b2c1

· γth − Psa − Psb2

γth − Psa − Psb1

. (27)

The derivation for (27) is provided in Appendix C.

Fig. 2 depicts the behavior of PLT, MWTP, and MTP, by showing the variation ofP1/P2

with respect toE1/E2 in a static-channel example. The network setup is as follows: asymmetric

cooperative network with two relays located atR1(20m, 20m) andR2(−20m, 15m), and source

and destination respectively positioned atS(30m, 0m) and D(0m, 0m). The channel path-loss

exponent isα = 2, noise variance is set toσ2
n = 10−4, and the rate threshold value isR =

1.9bits/s/Hz. The figure shows that the PLT and MWTP power-ratio curves coincide atE1/E2 ≃
0.38, which is confirmed in (27). Then, the curve under MWTP grows sublinearly with E1/E2,

as compared to the linear growth under PLT.

Since MWTP is more conservative, if the channel forR1 happens to deteriorate in the future,

it could outperform PLT, as it happens to track the future channel state in the right direction.

Conversely, if the channel forR1 improves in the future, MWTP will track the channel state in

the wrong direction and perform worse. Overall, since none of the schemes deliberately predicts
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Fig. 2. Power ratio of three power allocation schemes in a two-relay network.

the future CSI, there is no obvious advantage between PLT and MWTP in terms of performance.

In various simulations, we observe that PLT often outperforms MWTP.

V. L IFETIME MAXIMIZATION FOR MULTIPLE SOURCES

Our analysis for the single-source scenario can be extendedto a multiple-source network.

We assume a relay network withM sources. These sources may transmit data to either their

corresponding destinations or to a common single destination. AssumeN relays in the network,

and all sources share them for data transmission. Each source needs to maintain its minimum

rate requirement for as long as possible, and the network lifetime is defined as the duration

where the required rates for all sources are satisfied. We assume orthogonal channels are used

among sources for their data transmission, and each source is assigned a fixed amount of channel

resource. For example, the network bandwidth (or time) maybe divided into fixed subbands (or

time frames) and assigned to the sources, so that the communication between each source its

destination via relays is performed over that subband (or time frame) only. In this multiple-source

setup, the question is how each relay at timet should distribute its power among the sources

with the objective of prolonging lifetime1.

1Optimal allocation of resources jointly among sources and relays is outsidethe scope of this paper and is left open for future

research.
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We can generalize (6) to the multiple-source case with a noncausal global power allocation

solution. The following two changes must be incorporated into the formulation: 1) the dimension

of the optimization variableP(n) is increased by one to contain the power allocation vectors for

all sources; and 2)(M −1) minimum rate constraints corresponding to(M −1) new sources are

added to constraint (ii) of (6). The modified new optimization problem can again be transformed

into a feasibility problem with convex constraint sets for agiven n:

max
P(n)

n (28)

s.t.(i)
n
∑

t=1

M
∑

j=1

Pkj(t) ≤ Ek(0), for k = 1, · · · , N ;

(ii) Psaj(t) +
N
∑

k=1

γkj(Pkj(t)) ≥ γ
(j)
th ,

for t = 1, · · · , n; j = 1, · · · ,M ;

(iii) Pkj(t) ≥ 0, t = 1, · · · , n; k = 1, · · · , N ; j = 1, · · · ,M,

where γ
(j)
th is destination SNR corresponding to the rate requirement ofsourcej, and Pkj(t)

denotes the power contributed by relayk to assist sourcej to convey its message at timet.

Similarly to (6), we can solve (28) by using a two-nested loopsearch, and we omit the details.

In the following, we focus on thecausal PLT approach. Since the PLT strategy is devised

based on the optimal power allocation in the static-channelcase, we first present the solution

for the static-channel case and then explain how it is applied to the time-varying case.

By adapting the result in Proposition 1, we reach the following equation for power allocation

among relays in the multiple-source scenario,

M
∑

j=1

Pkj =
Ei(0)

n∗
k = 1, · · · , N, (29)

wheren∗ is the maximum lifetime, and eachPkj can be shown to be constant over the entire

lifetime. Effectively, from each relay’s point of view, allsources can be considered as one

combined source. Thus, similar to the single-source case, the energy of each relay should be

equally distributed over time to maximize the network lifetime.

In addition, we need to find the optimal power sharing of each relay among multiple sources
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at timet. By combining (29) and the rate constraints in (14), we have the following optimization:

n∗ = max
Pkj

n (30)

s.t.(i) n

M
∑

j=1

Pkj ≤ Ek(0), k = 1, · · · , N

(ii) Psaj +
N
∑

k=1

γkj(Pkj) ≥ γ
(j)
th j = 1, · · · ,M

(iii) Pkj ≥ 0 k = 1, · · · , N ; j = 1, · · · ,M

To solve (30), we can relax the integer restriction onn and attempt to find the optimal real value

of lifetime τ ∗ and then setn∗ = ⌊τ ∗⌋. Since (30) is convex, an adaptation of dual decomposition

method along with the bisection search, similar to the two-nested search loops in Section III,

can also be employed here. In the inner-loop search, if one replaces the parametert with j,

which corresponding to the rate constraint of each source, the N decomposed subproblems in

(9) would become

gk(µ, n) =























max
Pk1,··· ,PkM

M
∑

j=1

µjγk(Pkj)

s.t. n
M
∑

j=1

Pkj ≤ Ek(0), Pkj ≥ 0

(31)

for k = 1, · · · , N . Note that in this case, the convergence in the inner loop is achieved much

faster since the number of variables to be determined is onlyN ×M compared with that in (7),

which is N × n (typically n ≫ M ).

Based on the above solution of static channels, the PLT strategy for time-varying channels

is as follows. Given the CSI and residual energy at timet, compute the perceived lifetime and

corresponding power allocation assuming the current channels remain unchanged in the future:

[n(t)∗,P(t)∗] =

arg max
{Pkj(t)},n(t)

{

n(t) : (i)-(iii) of (30) satisfied at timet

}

(32)

Finally, one may also generalize the MWTP approach (and similarly MTP) to the multiple-
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source scenario. The power allocation at timet can be computed from the following optimization:

P(t)∗ = arg min
Pkj(t)

{ N
∑

k=1

∑M

j=1 Pkj(t)

Ek(t)
: (33)

(i)-(iii) of (30) satisfied at timet

}

.

Since (33) is convex, it can be solved with standard convex optimization procedure to find the

optimal P ∗
ij(t).

VI. SIMULATION RESULTS

To evaluate the performance of PLT, MWTP, and MTP in static andslow-varying channel

conditions, we present simulation results in these sectionfor different relay cooperation setups.

A. Single Source

1) Network Setup: Fig.3 shows two types of network setup we consider for the single-source

simulations: a) fixed node locations and static or slow-fading channel environment, and b) a

moving source creating time-varying channels due to path-loss variation. In all presented results,

the path-loss exponent is assumedα = 2, and the noise levelσ2
n = 10−4W= −40dBW. We

further assume that the source power and the transmission time slot are normalized to unity, i.e

Ps = 1W and∆ = 1s.

2) Performance under Static Channels: We first consider the static-channel case and use

Fig.3(a) for the network setup. A source-destination pair is fixed atS(−16m, 0m) andD(14m, 0m).

Four relay nodes are placed at coordinatesR1(10m,−7m), R2(−13m, 7m), R3(0m, 10m) and

R4(0m,−10m). Their initial energies are set toE(0) = [10KJ, 2KJ, 20KJ, 2KJ]. Because of

the static-channel assumption, no movement is considered in this experiment. Fig.4 depicts the

achieved lifetime vs. the minimum required rate under PLT, MWTP, and MTP. We observe

that as the required rate increases, the network lifetime decreases due to the increase of power

consumption. The PLT scheme, which gives the optimal allocation for the static-channel case,

clearly outperforms both MWTP and MTP. Moreover, the MWTP scheme achieves considerably

longer lifetime than that of MTP. For example, at the rate requirement ofR = 1.3bits/s/Hz, the

lifetime of MWTP is almost doubled compared with that of MTP.

To better understand the above improvement, in Fig.5, we plot the residual energy of each

relay when the network’s lifetime is reached under the threePA schemes. We observe that, in
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the MTP scheme, becauseR2 has the most favorable channel condition, the energy ofR2 has

been used predominantly to satisfy the required rate. Upon energy depletion atR2, the other

three relays fail to maintain the required rate, and the network reaches its lifetime. The MWTP

scheme, on the other hand, manages to allocate some power atR4 to help relaying while still

relay onR2 as the main node for relaying. When the network lifetime is reached, a substantial

amount of energy remains inR1 andR3, which is not sufficient for the network to provide the

required rate. Noted that the ratio of wasted energy under the MTP is even higher than that under

the MWTP. In contrast, we observe that all relays in PLT deplete their energy at the same time,

demonstrating that the energy of each relay has been efficiently used. Such concurrent energy

depletion does not typically occur in the other two schemes.

3) Performance under Time-Varying Channels: We consider the scenario with slow time-

varying channels. Since the channel variation can be factored into large-scale variation and

small-scale multipath fading, we test the performance under small-scale variation and large-scale

variation separately. First, we consider slow fading over all links due to small-scale multipath

fading. The node placement in Fig.3(a) is considered. To model the slow-fading channels, we

employ Jakes’ fading model with normalized fading ratefdTs = 0.005, wherefd is the Doppler

frequency andTs is a symbol duration [29]. Fig.6 demonstrates the average lifetime vs. the

required rate under each power allocation scheme. As expected, we see that the lifetime under

noncausal optimal allocation serves as an upper bound for PLT, MWTP, and MTP, while the

performance of PLT and MWTP are closer to this upper bound. This demonstrates the importance

of considering the residual energy in power allocation.

Next, we consider the case of a moving source causing large-scale path-loss variation of the

channels. The network setup is shown in Fig.3(b) where the sourceS transmits data to destination

D through two relay nodesR1 and R2. Assume that the source moves with a constant speed

v = 0.3m/s in random directions confined in a circle with centerS(−30m, 0m) and radius

r = 4m, and two relays are placed atR1(−20m, 5m) and R2(−20m,−15m). Initial energy

levelsE(0) = [1KJ, 1KJ] are assigned toR1 andR2. Using Monte Carlo simulation, the average

lifetime of the power allocation schemes vs. the required rate is plotted in Fig.7. Comparing the

performance under each scheme, we see that PLT nearly achieves the maximum lifetime under

the noncausal optimal solution. Compared with MTP, both PLT and MWTP provides significant

lifetime improvement. For example, atR = 1.8bps/Hz, the lifetime increment is approximately
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30%.

4) Effect of Asymmetric Initial Energy: In the next experiment, we study the effect of the

initial energy levels on the lifetime of different power allocation schemes. We again use the

network setup in Fig.3(b). In this experiment, the locations of all nodes including relays, source,

and destination are fixed. To remove the effect from the asymmetrical relay links, we placeR1 to

(−20m, 15m), and fix the source atS(−30m, 0m). We vary the ratio of initial energy,β = E1(0)
E2(0)

,

from 1 to 10, while keeping the sum initial energy unchanged, i.e.,E1(0) + E2(0) = 2KJ. In

Fig.8, we plot the network lifetime for two rate requirements: R = 1.7 or 1.9bits/s/Hz. For

β = 1, the network setup becomes completely symmetrical both in terms of the relays residual

energy and the links’ channel conditions. Due to this symmetry, it is not hard to prove that the

PLT, MWTP, and MTP would result in the same power allocation solution and identical lifetime

performance. This fact is verified in Fig. 8 atβ = 1. As β increases, i.e. the asymmetry increases,

the lifetime gap among the three schemes becomes larger, with PLT giving the best performance.

Results in Fig.7 and Fig.8 demonstrate that using the energy-aware power allocation schemes

are particularly more effective in the asymmetric network setup which is common in practice.

B. Multiple Sources

We now consider a multiple-source relay network with time-varying channels. The network

setup is shown in Fig.9, where the two relays are fixed while the two sources are assumed to

move at speedv = 0.3m/s independently in random directions inside two circles withradius

r = 3m and centered atS1(−20m, 10m) andS2(−20m,−10m). We assume that the two sources

have the same rate requirement. We further assume that the first relay,R1, has double the initial

energy compared to the second relay,R2. Fig. 10 shows the lifetime vs. the rate requirement

under different power allocation schemes. This figure againdemonstrates that by incorporating

the residual energy through either PLT or MWTP, the network lifetime can be significantly

increased.

For the multiple-source case, it is of interest to investigate how each relay splits its power

among existing sources. Fig. 11 and Fig. 12 illustrate the relay power distribution ofR1 andR2

for the network setup given in Fig. (9) with fixedS1 andS2 at (−20m, 10m) and(−20m,−10m),

respectively. The rate threshold value for both users is setat R = 2.3bits/s/Hz. The ratioβ =

E1/E2 is varied from0.5 to 5. Note thatE1 andE2 are the instantaneous residual energy levels
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(not necessarily initial energy). Using the same notation as before,Pki denotes the amount of

power spent by relayk to help sourcei. From Fig. 11 and Fig. 12, we see that forβ = 1 (a

symmetric setup), using any of the three schemes would result in the same power splitting for

both relays. Asβ > 1, for both PLT and MWTP,R1 with higher remaining energyE1 will spend

more power thanR2, with R1 in PLT using more power than that in MWTP. This is similar

to the single-source case in Section IV-D. In terms of power splitting for different sources, we

see that, forR1, asβ increases, the percentage of power allocated toS2 increases. SinceS1’s

required rate is met by using a relatively fixed powerP11 from R1, the additional power of

R1 is devoted to supportS2 to satisfy its required rate. On the other hand,R2 with much less

remaining energy would be less willing to spend the power forthe farther sourceS1.

VII. C ONCLUSION

Energy-aware power allocation for network lifetime maximization was considered in this

paper for a dual-hop cooperative network operated by battery-limited AF relays. For a given

minimum rate requirement, the problem was first formulated as convex optimization with a

global noncausal solution. In the case of static channels, aclosed-form and easy-to-implement

solution was shown. Inspired by this solution, we presenteda causal implementation of this

optimal solution for the time-varying scenario,i.e., the PLT scheme. Furthermore, we proposed

an alternative MWTP scheme, which is independent of future CSIprediction, and analytically

compared its performance to that of the PLT scheme. Unlike the traditional scheme of minimizing

total power per transmission, both MWTP and PLT exploit the CSIas well as the state of residual

energy to assign power to each relay. We further extended these schemes to relay cooperation with

multiple sources. In simulation, we considered the cases ofboth static channels and slow-varying

channels that are either due to small-fading or moving nodescausing path-loss variation. Both

schemes demonstrated a significant lifetime improvement over the MTP scheme. The energy-

aware schemes are particularly effective under asymmetry in terms of either relay link condition

or the initial energy, which is common in practical relay networks.

Note that, in the PLT scheme, a simple prediction is applied based on current CSI assuming the

future CSI is the same as the current one. For channels with time correlations, we could exploit

the current and past channel to better predict the future channel gain, and possibly improve the

performance. The issue of how much performance improvementvs. the complexity of computing



SUBMITTED TO IEEE TRANS. ON SIGNAL PROCESSING 24

power allocation as compared to the PLT needs to be studied indetails. How to modify the power

allocation updating method to improve the performance is currently under our investigation as

the future work.

APPENDIX A

PROOF OFPROPOSITION1

For the solution presented in Section III to solve (6), we first look at the inner loop with a

given n. Consider the subgradient iteration method for solving (10). We initialize the Lagrange

multiplier µ with ann×1 vector of 1’s, i.e.µ(0) = 1 . The maximum ofgk(µ
(0), n) in (9) should

be determined through finding the optimal{P 0∗
k (t)}n

t=1. Since the channelsbk(t) and ck(t) are

static, the optimalP 0∗
k (t) shown in (11) is therefore constant overt as well, and it reduces to

the following expression

P 0∗
k (t) =

Ek(0)

n
. (34)

For the update ofµl in (12), sincea(t) and P 0∗
k (t) are constant for allt = 1, · · · , n, µ1

t is

the same for allt = 1, · · · , n as well, andµ
1 = µ1

11. In the next iteration withµ1, we see

that P 1∗
k (t) in (11) is again constant overt. Following the updating procedure, we see thatµ

l

will always contain equal entries, andP l∗
k (t) has the expression in (34) for every iteration until

convergence. Therefore, for a givenn, we have the optimalP ∗
k (t) = Ek(0)

n
, for t = 1, · · · , n.

In the outer loop, we then search for the maximumn∗ that satisfies the rate constraint given in

(ii) of (6). Since we have shown that, for any feasiblen, the optimal power allocationP ∗
k (t) =

Ek(0)
n

, the maximumn∗ then can be found as shown in (14).

APPENDIX B

PROOF OF(11)

The Lagrangian function of (9) with the multiplierλ is written as

Γk(Pk(1), · · · , Pk(n), λ) =
n
∑

t=1

µt

(

PsPk(t)bk(t)ck(t)

1 + Psbk(t) + Pk(t)ck(t)
+ Psa(t)

)

−λ

(

n
∑

t=1

Pk(t) − Ek(0)

)

,

(35)
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for k = 1, · · · , N , whereγk in (9) was substituted by (3). Then by applying the KKT conditions

as follow

∂Γ

∂P ∗
k (t)























= 0, if 0 < P ∗
k (t) < Ek(t)

≥ 0, if P ∗
k (t) = 0

≤ 0, if P ∗
k (t) = Ek(t),

(36)

the optimalP l∗
k (t) can be obtained as

P l∗
k (t) =

[

√

µl
tλ

−1Psbk(t)ck(t)(1 + Psbk(t)) − 1 − Psbk(t)

ck(t)

]+

, (37)

whereλ is chosen such that the constraint (i) in (6) is met.

APPENDIX C

PROOF OF(27)

By comparing the two equations (22) and (25), we can find the intersection point of MWTP

and PLT. Defining a new variablex =
√

E1

E2

and performing ratio cross-multiplication on the

equations (22) and (25), we have

x2(γth − Psa − Psb1)b2c1 − b1c2(γth − Psa − Psb2) = 0 . (38)

Solving this leads to the right-hand-side of (27). After this point, asE1/E2 increases,κPLT grows

faster thanκMWTP.
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Fig. 3. Simulation configurations: a) used for static channel and slow small-scale fading experiments in Fig.4 - Fig.6; b) used

for source-moving experiment with large-scale path-loss variation in Fig.7 and Fig.8.
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Fig. 4. Lifetime vs. rate requirement for static-channel case with the network setup in Fig.3(a).
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Fig. 5. Residual energy of each relay at the end of lifetime with the initial energy E(0) = [10KJ, 2KJ, 20KJ, 2KJ], and the

required rateR = 1.3bps/Hz.
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Fig. 6. Lifetime vs. rate requirement for slow-fading channel case withthe network setup in Fig.3(a) (fdTs = 0.005).
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Fig. 7. Lifetime vs. rate requirement for the moving-source setup in Fig.3(b).
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Fig. 10. Lifetime vs. rate requirement forM = 2 andN = 2.
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Fig. 12. Relay 2’s power distribution among two sources vs. residual energy ratio for static-channel case withN = 2.


