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Abstract Multi-path transmission is an efficient way to

balance the power consumption from a source to a desti-

nation. The previous works have studied rate–power allo-

cation to prolong the network lifetime of multiple paths. As

at least one relay node is required to participate into

cooperative transmission, its assignment will greatly

impact the power consumption of cooperative communi-

cation. Thus, this paper addresses the joint resource allo-

cation problem which aims to prolong the lifetime of multi-

path cooperative transmission. Given a path set from a

source to a destination, we first define the lifetime-optimal

relay assignment and rate–power allocation problem

(LRRP) for multiple paths with cooperative communica-

tions. This paper then presents two heuristic algorithms,

called BS-RRP and PS-RRP, to implement efficient

resource allocation for multiple paths. The BS-RRP algo-

rithm uses the binary search method to solve the LRRP

problem on node-disjoint paths, and reaches the approxi-

mate performance 1 - e, where e is an arbitrarily small

positive constant. PS-RRP adopts the pattern search

method for joint resource allocation on link-disjoint paths,

and terminates after finite iterations. The simulation results

show that the BS-RRP and PS-RRP algorithms can

improve the network lifetimes about 26 and 30 % com-

pared with the resource allocation methods under the non-

cooperative communication scheme.

Keywords Relay assignment � Rate–power allocation �
Cooperative communication � Multiple paths

1 Introduction

In this paper, we study the lifetime maximization of mul-

tiple paths with cooperative communications for wireless

ad-hoc networks. Considering a video surveillance appli-

cation, the camera nodes will report the monitoring infor-

mation to the control center through multiple disjoint paths

[1]. For long-time surveillance, it is a critical challenge to

prolong the network lifetime. Usually, the source node

knows a set of routes that will reach the destination node.

The possible paths can be discovered by applying previous

routing protocols, such as [2, 3]. The advantage of using

multiple disjoint paths is two-fold [4]: (1) in case of route

failure, the source is still able to transmit data to the des-

tination by the substituted routes, and node or link faults

will not affect other paths in the disjoint routing; and (2) it

provides an even distribution of the traffic load or energy

drain over a network.

With the constraints of node size and deployment

environment, resource-constraint is an important feature

for ad hoc networks, which may result in lower
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transmission quality [5]. For example, since batteries can

only supply a finite amount of energy, it is a major task in

such networks to minimize the node’s power consumption

for wireless communication and traffic processing. Another

important resource category is bandwidth of each wireless

link, which impacts achievable transmission rates for dif-

ferent services. However, wireless transmission with high

rate also leads to massive power consumption. The previ-

ous works [4, 6–8] have shown that resource allocation was

an efficient way to achieve lifetime maximization. For

example, rate allocation among multiple paths will affect

the fairness of power consumption among all nodes. To

balance the energy consumption among multiple paths, the

source node does not uniformly allocate the rate among all

the paths. On the contrary, efficient rate allocation mech-

anisms are adopted to satisfy the performance require-

ments, such as maximum network lifetime, etc. Thus, the

topic of joint rate and power allocation has been deeply

studied [4, 6, 7, 9, 10].

Recently, cooperative communication [11–17] is shown

to be a promising technology to efficiently improve spatial

diversity. Under this communication paradigm, each node

only needs to be equipped with a single transceiver antenna

and multiple nodes are allowed to coordinate their trans-

missions so as to save the power cost of wireless commu-

nication. For convenience, non-cooperative communication

is also called as traditional communication. There are two

main modes of cooperative communication, amplify-and-

forward (AF) and decode-and-forward (DF) [13], respec-

tively. Under the AFmode, the cooperative relay performs a

linear operation on the received signal from the source node,

then forwards the signal to the destination node. Under the

DF mode, the cooperative relay first decodes the received

signal, re-encodes it, and forwards it to the destination node.

As at least one relay node is required to participate into

cooperative transmission, it becomes a special resource

category under the cooperative communication. The next

section will describe the formal capacity expressions for

different communication modes. The theoretical analyses

show that, under the fixed transmission power on each node,

the cooperative communication with appropriate relay

selection is able to offer an increased capacity than that under

the non-cooperative scheme for a source–destination pair

[11]. However, a poor choice of relay node may decrease the

transmission capacity. Therefore, relay assignment will

affect the achievable rate and power consumption for

cooperative routing [11, 18, 19], thus also impacting the

network lifetime.

According to the above description, relay, rate and power

are three categories of important resources in wireless

cooperative networks, and their usage will impact the net-

work lifetime greatly. There are some works [4, 6] on joint

rate and power allocation for lifetime maximization on

disjoint multiple paths. However, these methods do not

explore the benefit of cooperative communications. There-

fore, this paper studies the joint relay assignment and rate–

power allocation for disjoint multiple paths aiming to pro-

long the network lifetime. The main contributions of this

paper are as follows:

1. An efficient power allocation method between a

transmitter and a relay is designed to obtain the

maximum node lifetime while providing the required

rate for different communication schemes.

2. Based on power allocation analyses, we define the

lifetime-optimal relay assignment and rate–power

allocation for multiple paths (LRRP) problem in

cooperative networks, and formalize this problem into

a non-linear program.

3. This paper presents two heuristic algorithms, called

BS-RRP and PS-RRP, to implement joint resource

allocation for multiple paths. The BS-RRP algorithm

adopts the binary search method to solve the LRRP

problem on node-disjoint paths, and reaches the

approximate performance 1 - e, where e is an arbi-

trarily small positive constant. PS-RRP uses the pattern

search method for resource allocation on link-disjoint

paths, and terminates in finite iterations.

4. The simulation results show that the BS-RRP and PS-

RRP algorithms can prolong the network lifetimes

about 26 and 30 % compared with the traditional

methods under many situations.

The rest of this paper is organized as follows. In Sect. 2,

we discuss the related works about the resource allocation

problem. Section 3 describes the cooperative communica-

tion model and problem definition. Section 4 presents the

BS-RRP algorithm to solve the LRRP problem for node-

disjoint paths, and analyzes its performance. In Sect. 5, we

design the PS-RRP algorithm for link-disjoint paths. Sec-

tion 6 illustrates the simulation results. We conclude the

paper in Sect. 7.

2 Related works

Under the non-cooperative communication scheme, some

previous works [4, 6, 7, 9] focused on joint rate and power

allocation for multiple paths. In Hou et al. [4], studied the

lexicographical max–min rate allocation among all nodes

with system lifetime requirement. The authors in [6] used

penalty functions to solve the problem while taking the

system constraints into account. The proposed approach led

to a flow control algorithm, which provided the optimal

source rates and could be easily implemented in a distributed

manner. The authors in [7] enforced fairness on source

rates of sensor nodes by invoking the network utility
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maximization framework, and formulated the rate allocation

fairness as a constrained maximization problem. Chou et al.

[8] studied a more general problem in which the routing of

flows, possibly over multiple paths per flow, was an opti-

mization parameter for the rate allocation problem. They

evaluated the proposed algorithms on a statistical traffic

application to show that higher utility could be achieved

when multi-path routing was considered with rate allocation

under utility max–min fairness. The above algorithms [4, 6–

8] considered the rate–power allocation for multiple paths to

obtain the required network performance under the tradi-

tional communication scheme. The authors in [9, 10] studied

rate allocation among all the nodes in a network tomaximize

the network lifetime, which was different from our focus.

Recently, the cooperative transmission paradigm is

regarded as an emerging technology for future wireless

communications. Since relay is an important resource

category for cooperative communications, we pay our main

attention on relay assignment in the cooperative networks.

The authors in [18] studied the selection of an optimal relay

node for a source–destination pair. Zhao et al. [19] showed

that it was sufficient to choose the best relay node for a

transmission pair to achieve full diversity. Moreover, the

cooperation among multiple nodes needed the complex

management and precise time synchronization. Our work

also assumes that at most one relay will participate into

cooperative transmission from a transmitter to a receiver.

For wireless multi-hop networks, Khandani et al. [20]

studied the minimum energy routing problem by exploiting

the advantages of wireless broadcast and cooperative com-

munication. They developed a dynamic program based solu-

tion and two heuristic algorithms to find the energy-minimum

routes. Luo et al. [13] proposed an energy-efficient joint relay

selection and power allocation scheme for cooperative com-

munication. They designed a solution through a first-order

relaxation method and a primal–dual priority-index heuristic.

Zhou et al. [15] also focused on energy minimization through

relay selection and power control. However, these approaches

just focused on individual traffic as opposed to multiple paths

thatwe considered in this paper. Scaglione et al. [21] designed

two architectures for multi-hop cooperative networks. Under

these architecture frameworks, all nodes in the network

formed multiple cooperative clusters. They showed that the

network connectivity could be improved by using such

cooperative clusters. Two works [12, 17] studied the energy-

efficient clustering for cooperative data forwarding. Xie et al.

[14] designed an efficient algorithm to minimize the total

consumed power of the network while guaranteeing trans-

mission reliability of multiple active transmission pairs

through cooperative communications. The work [16] also

aimed to improve the transmission reliability through relay-

power allocation. However, problems related with LRRP are

not the focus for their works.

As mentioned above, the previous works [4, 6, 7, 9, 10]

for joint rate and power allocation do not take the coop-

erative communication into considerations. Thus, they can

not explore the advantages of spatial diversity by cooper-

ative communications. The works on relay assignment are

not fit for the LRRP problem. The reason is that most

works assume that each node uses the fixed power [19] or

the required rate on each path is fixed [22]. However, relay

assignment and rate–power allocation will all impact the

network performance under cooperative communications.

Thus, this paper studies the joint resource allocation for

multiple paths to fully improve the performance of wireless

ad hoc networks.

3 Preliminaries

This section will describe the cooperative communication

model, lifetime-aware power allocation mechanism and

problem definition. For ease of explanation, a list of

important symbols used in this paper is summarized in

Table 1.

3.1 Cooperative communication model

We illustrate the cooperative communication by an

example of three nodes. As shown in Fig. 1, vertices s,

r and d represent the source node, relay node and desti-

nation node, respectively. Wireless transmission from node

s to node d is based on the frame-by-frame mechanism

[11]. It usually costs two time slots to transmit one frame.

In the first time slot, node s transmits a frame to destination

node d. Due to wireless broadcast feature, it is also over-

heard by relay node r. In the second time slot, node r for-

wards the received data to node d.

In the following, we introduce the mathematical

expressions of capacity under different communication

schemes. First, the signal–noise-ratio SNRsd from node s to

node d is defined as [20]:

SNRsd ¼
ps � h2sd
r2d

ð1Þ

There are two main forwarding modes of cooperative

communications. Under the AF mode, the capacity from

node s to node d with relay node r is [11]:

CAF s; r; dð Þ ¼ W � IAF SNRsd; SNRsr; SNRrdð Þ

¼ W

2
log2 1þ SNRsd þ

SNRsr � SNRrd

SNRsr þ SNRrd þ 1

� �

ð2Þ

where W is the available bandwidth of a channel. Under the

DF mode, the capacity is given as [11]:
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CDF s; r; dð Þ ¼ W � IDF SNRsd; SNRsr; SNRrdð Þ

¼ W

2
min log2 1þ SNRsrð Þ; log2 1þ SNRsd þ SNRrdð Þf g

ð3Þ

When the cooperative communication is not used, node

s transmits directly to node d in both time slots. It is just the

traditional communication scheme. Thus, the capacity from

node s to node d is [11]:

CD s; dð Þ ¼ W � log2 1þ SNRsdð Þ ð4Þ

There are two observations from the above mathemati-

cal expressions. First, comparing these communication

schemes, cooperative transmission with proper relay

selection will work better than the direct transmission.

However, a poor choice of relay node might make the

capacity under cooperative communications be worse than

that under the direct transmission. That is, the achievable

rate can be improved through efficient relay assignment

[1]. Second, different transmission powers on source and

relay nodes result in different transmission capacities from

Eqs. (2–3). Moreover, wireless capacity under the coop-

erative communication scheme is determined by trans-

mission powers of both source and relay nodes. Thus,

efficient power allocation will reduce the power con-

sumption while providing the required rate.

3.2 Lifetime-aware power allocation method

In this section, we will analyze the lifetime-aware power

allocation for different communication schemes while

providing the required rate Q. The analysis is based on the

network example shown in Fig. 1. The variables pu and Eu

denote the assigned transmission power and initial energy

for node u. In the following, we study the efficient power

allocation for cooperative and direct transmission schemes.

Without loss of generality, the achievable rate of each link

is equal to its capacity.

Under the AF mode, the achievable rate is expressed in

Eq. (2). We consider the critical conditions for rate

requirement. That is,

W

2
log2 1þ SNRsd þ

SNRsr � SNRrd

SNRsr þ SNRrd þ 1

� �
¼ Q

) 1þ SNRsd þ
SNRsr � SNRrd

SNRsr þ SNRrd þ 1
¼ q

ð5Þ

where q is 2
2Q
W [ 1. For ease expression, let the variable ds,d

denote
h2
sd

r2
d

. Equation (5) also means that:

1þ psds;d þ
ps � ds;r � pr � dr;d

ps � ds;r þ pr � dr;d þ 1
¼ q

) 1� qð Þ psds;r þ prdr;d þ 1
� �

þ p2sds;dds;r
þ prpsdr;dds;d þ psds:d þ prpsds;rdr;d ¼ 0

ð6Þ

To optimize the network lifetime, both source and relay

should obtain the same lifetime, so that the minimum

lifetime among two nodes is maximized, expressed by
Es

ps
¼ Er

pr
. This constraint can be simplified into: pr = cr,sps,

with cr;s ¼ Er

Es
. Thus, a new equation is derived from Eq. (6)

as:

f psð Þ ¼ ap2s þ bps þ c ¼ 0; where a ¼ ds;dds;r
þ cr;sdr;dds;d þ cr;sds;rdr;d;

b ¼ 1� qð Þ ds;r þ cr;sdr;d
� �

þ ds;d;

and c ¼ 1� qð Þ\0:

ð7Þ

Table 1 Index of important symbols

Term Definition Term Definition

ps The transmission power of node s Eu Initial energy on node u

hsd The effect of path-loss, shadowing and fading between node s and node d r2d Variance of background noise at node d

SNRsd Signal–noise-ratio from node s to node d W Available bandwidth of a channel

V A node set in the network with Vj j ¼ n Q Rate requirement of multi-path routes

< A set with k paths, < ¼ W1; . . .Wkf g Lv Lifetime of node v

p j
vi

Power consumption of node vi on path Wj Wi
j

Sub-path from vj0 to vji on Wj

Qj Allocated rate for path Wj Qi
j Achievable rate for sub-path Wi

j

Lmax
j Maximum lifetime of path Wj Lij Maximum lifetime of sub-path Wi

j

Lc Current network lifetime d Step-size for rate adjustment

Fig. 1 Illustration of the cooperative communication
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There are two solutions for Eq. (7), denoted by:

ps;1 ¼
�bþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 � 4ac

p
2a

; and

ps;2 ¼
�b�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 � 4ac

p
2a

:

ð8Þ

As a[ 0 and c\ 0, ps;1 � ps;2 ¼ c
a\0. Thus, one

solution is positive, the other is negative. As a result, we

obtain the transmission power of node s as:

ps ¼ ps;1 ¼
�bþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 � 4ac

p
2a

ð9Þ

According to the lifetime constraint, the transmission

power of node r is:

pr ¼ cr;sps ¼
cr;s �bþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 � 4ac

p� �
2a

ð10Þ

After power allocation for source node and relay node is

fulfilled, the node’s lifetime is also derived. Under the DF

mode, the achievable rate is expressed in Eq. (3). To satisfy

the rate requirement, the optimal power allocation is as

follows:

W

2
min log2 1þ SNRsrð Þ; log2 1þ SNRsd þ SNRrdð Þf g ¼ Q

) psds;r ¼ q� 1; and psds;d þ prdr;d ¼ q� 1

ð11Þ

For simplicity, let l = q - 1. Therefore,

ps ¼
u

ds;r
; pr ¼

l ds;r � ds;d
� �
ds;rdr;d

ð12Þ

Under the direct communication scheme, the achievable

rate is expressed in Eq. (4). Thus, we have:

W � log2 1þ SNRsdð Þ�Q ð13Þ

Obviously, the assigned power for node s should be:

ps �
2

W
Q � 1

ds;d
¼

ffiffiffi
q

p � 1

ds;d
ð14Þ

We observe that there is a deterministic power alloca-

tion to achieve the optimal lifetime while providing the

required transmission rate from transmitter to receiver

under different communication schemes. Moreover, the

time complexity for power allocation is O(1).

3.3 Lifetime-optimal relay assignment and rate–

power allocation problem definition

This section describes the formal definition of lifetime-

optimal relay assignment and rate–power allocation

(LRRP) problem for multi-path routing in cooperative

networks. As wireless nodes are usually resource-con-

strained, the communication range is relatively short. Thus,

we consider a wireless multi-hop network which consists of

many nodes in a target filed. For simplicity, all nodes are

assumed to be stationary during a session. Each node can

potentially act as a cooperative relay.

Given a wireless network, assume that there is a path set

< from source node s to destination node d. The possible

routes from source to destination can be discovered by

applying different routing protocols, such as [2, 21]. For

each path, we will designate some relay nodes for coop-

erative transmission so as to save the power consumption

and prolong the network lifetime. Zhao et al. [19] have

shown that for a single-hop transmission, the obtained

diversity gain by exploiting multiple relay nodes was not

higher than that by selecting the best relay. As a result, it is

reasonable to assume that each transmitter will send to the

receiver with one cooperative relay at most [11, 23].

In many applications, such as camera surveillance, it is

required to provide the high-quality multimedia transmis-

sion service from source (e.g., a camera node) to destina-

tion (e.g., a monitoring center). Thus, we regard that source

node s can communicate with destination node d through a

set < of k paths so as to provide an aggregate rate Q. For

simplicity, we assume that < ¼ W1; . . .Wkf g, and all nodes

belonging to path set < is denoted by V. The LRRP

problem implements the efficient relay assignment and

rate–power allocation among all nodes on the paths to

prolong the network lifetime. Each path Wj 2 < will be

allocated a non-negative rate Qj, such that the aggregate

rate of all paths is not less than Q, expressed in Eqs. (15,

16). To satisfy the rate requirement, each node vi [ Wj will

be allocated a transmission power p j
vi
, which denotes the

power consumption of node vi on the path Wj, such that

path Wj can provide a rate Qj at least. The power allocation

will be introduced in the next sections. The total power

consumption of node vi on multiple paths is pvi ¼P
Wj2< p j

vi
by Eq. (17). Then, the lifetime of node vi is

Lvi ¼
Evi

pvi
¼ EviP

Wj2<
p
j
vi

, where Evi is the initial energy on node

vi. Usually, the lifetime of multiple paths is defined as the

time until the first node uses up its energy. Our objective is

to obtain the long-time surveillance, expressed by Eq. (19).

The problem formulization is described in Table 2.

In wireless multi-hop networks, since multi-path routing

can balance the traffic load and prolong the network life-

time, it has received much attention in the recent years,

such as [1, 3]. There are two main categories of multi-path

routing, node-disjoint and link-disjoint respectively. In the

following, we will deal with the LRRP problem corre-

sponding to the different categories of multiple paths.
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4 Algorithm for the node-disjoint multi-path case

This section will present a polynomial-time algorithm to

solve the LRRP problem for node-disjoint multiple paths.

We call this as binary-search-based relay assignment and

rate–power allocation (BS-RRP) algorithm. The theoretical

analysis shows that the proposed algorithm can reach the

approximate performance of 1 - e, where e is an arbitrarily
small positive constant.

4.1 Algorithm description

For node-disjoint multiple paths, each intermediate node

only belongs to one path from a source node to a desti-

nation node. We implement the efficient resource alloca-

tion for all nodes on multiple paths with the binary search

method. First, the BS-RRP algorithm selects the possibly

minimal lifetime and maximal lifetime of multi-path

routing, denoted by Lmin and Lmax, respectively. For

example, Lmin is set as 0, and Lmax is a large number, such

as 106. In each iteration, the algorithm determines a middle

lifetime as Lmid ¼ LminþLmax

2
, and will be terminated if

Lmax�Lmin

Lmax
\e, where e is a small positive constant. Other-

wise, we compute the achievable rate QWj;Lmid for each path

Wj 2 < under lifetime constraint Lmid, which is the core of

the BS-RRP algorithm and described in the next paragraph.

If the sum of achievable rates on all paths is less than the

requirement Q, the algorithm sets Lmax = Lmid. This means

that all nodes should increase the transmission powers so as

to improve the achievable rate. In other words, the network

lifetime should be reduced. Otherwise, BS-RRP will search

a resource allocation solution within a longer-lifetime

interval, i.e., Lmin = Lmid. The BS-RRP algorithm is

described in Fig. 2.

From the above description, it is an important task to

compute the achievable rate of each path under lifetime

constraint for the BS-RRP algorithm. In the following, we

design a sub-routine, called RLC, to solve this problem.

For simplicity, the constructed k node-disjoint paths

are denoted by W1, W2,…Wk. Assume that Wj ¼ vj0 sð Þ
vj1 . . .vjm�1

vjm dð Þ, where m is the hop number of path Wj in

the traditional sense. Given lifetime requirement L, the

maximum transmission power of each node v is pv ¼ Ev

L
.

We define two variables cqi and dqi for each node vji on

path Wj. The variable cqi denotes the achievable rate in

which node vji acts a cooperative relay from node vji�1
to

node vjiþ1
. That is, cqi ¼ CXF vji�1

; vji ; vjiþ1

� �
by Eqs. (2, 3),

where XF is either AF or DF. Moreover, dqi represents the

achievable rate from node vji to node vjiþ1
under the direct

transmission. That is, dqi ¼ CD vji ; vjiþ1

� �
by Eq. (4). For

simple description, Wj
i denotes the sub-path from vj0 to vji

on the path Wj. Its maximal achievable rate under coop-

erative communication is Qi
j, which can be computed by a

recursive method. It follows that:

Qi
j ¼

0; i ¼ 0

dq0; i ¼ 1

max min Qi�2
j ; 2 � cqi�1

n o
;min Qi�1

j ; dqi�1

n on o
; 2� i�m

8>><
>>:

ð20Þ

We explain Eq. (20) in details. Consider the wireless

communication from node vji�1
to node vjiþ1

. Under the

direct transmission scheme, the achievable rates of two

links l vji�1
; vji

� �
and l vji ; vjiþ1

� �
should both exceed the

threshold Qj so as to satisfy the requirement. Then, the

traffic amount from node vji�1
to node vjiþ1

is at least Qj

during two time slots. Under the cooperative scheme, node

vji�1
communicates with node vjiþ1

in two time slots.

Therefore, node vji�1
should transmit the traffic Qj at least

to node vjiþ1
in two time slots. In other words, the minimum

rate from vji�1
to vjiþ1

with relay vji should be
Qj

2
at least. As

a result, there is a factor 2 in front of variable cqi-1 in

Eq. (20).

By Eq. (20), the RLC method obtains the achievable

rate Qm
j of path Wj under lifetime constraint, denoted by

Table 2 Formalization of the LRRP problem

Constraints

Qj � 0 (15)P
Wj2< Qj �Q (16)

pvi ¼
P

Wj2< p j
vi

(17)

Lvi ¼
Evi

pvi

(18)

Objective

max min Lvi ; vi 2 Vf g (19)

BS-RRP Algorithm: 
Step 1: Algorithm Initialization 

;  ; 
finished = true; 
Step 2: Relay Assignment and Rate-Power Allocation 
While (finished) do 

If 
Then finished = false 

Algorithm terminate; 

For each path 

If 
Then 
Else 

Return 

Fig. 2 Formal description of the BS-RRP algorithm
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Qmax
j . For implementation of relay assignment, we add a

boolean variable vector, state. Initially, each variable is set

to false. From Eq. (20), if Qi
j ¼ min Qi�2

j ; 2 � cqi�1

n o
,

state[i] is set as true. Then, we check each node from vjm�1

to vj1 whether it should be selected for cooperative com-

munication or not. The procedure is as follows: if Qi
j is not

less than Qmax
j and state[i] is true, node vji�1

is designated as

a cooperative relay. Accordingly, the cooperative relay

assignment has been fulfilled on each path. The RLC sub-

routine is formally described in Fig. 3.

4.2 Performance analysis

This section analyzes the performance of the BS-RRP

algorithm. We first prove the optimality of the RLC sub-

routine.

Lemma 1 RLC will determine the maximum achievable

rate under lifetime constraint for a given path.

Proof Given lifetime constraint L, transmission power of

each node v should not exceed Ev

L
. For a path

Wj ¼ vj0 sð Þvj1 . . .vjm�1
vjm dð Þ, we prove the lemma by induc-

tion. For i = 1, we consider the sub-path W1
j ¼ vj0 sð Þvj1 .

Obviously, its achievable rate is dq0, shown in Eq. (20).

Assume that the RLC sub-routine can obtain the maximum

rates for sub-pathsW1
j ; . . .;W

i
j, denoted by Q

1
j ; . . .;Q

i
j. Now,

we compute the maximum achievable rate of sub-pathWiþ1
j .

For node vji , there are two cases to be discussed. If node vji is

designated as a cooperative relay, the rate of this sub-path is

min Qi�2
j ; 2 � cqi�1

n o
. However, if node vji is a traditional

relay, the rate of this sub-path is min Qi�1
j ; dqi�1

n o
. So, the

achievable rate of sub-path Wiþ1
j can be expressed as

max min Qi�1
i ; 2 � cqi

	 

;min Qi

j; dqi

n on o
. As a result, we

conclude that the RLC sub-routine can compute the maxi-

mum achievable rate for path Wj. The lemma is proved. h

Followed by Lemma 1, we analyze the approximate

performance of the BS-RRP algorithm.

Theorem 2 BS-RRP can reach the approximate perfor-

mance of 1 - e, where e is an arbitrarily small positive

constant.

Proof Without loss of generality, assume that the optimal

lifetime of multiple paths is Lopt by joint relay assignment

and rate–power allocation. We consider the final snapshot

of Lmin, Lmid and Lmax before algorithm termination.

According to the algorithm, Lmin � Lmid � Lmax. Obviously,

the optimal lifetime Lopt must belong to the interval [Lmin,

Lmax]. That is, Lmin � Lmid � Lmax. The algorithm termi-

nates if Lmax�Lmin

Lmax
\e. Thus, the approximate factor is:

Lmid

Lopt
� Lmin

Lmax

¼ 1� Lmax � Lmin

Lmax

[ 1� e:

h

Next, we analyze the time complexity of RLC. For a

given path Wj, this method will check all nodes on the

path twice for rate allocation and relay assignment

respectively. The time complexity is O Wj

�� ��� �
, where Wj

�� ��
is the number of nodes on path Wj. Now, we compute the

time complexity of the BS-RRP algorithm. Assume that n

is the number of nodes in the network. The first step

mainly fulfills the algorithm initialization, and the time

complexity is O(1). In the second step, the algorithm

initializes two variables for each node, which takes the

time complexity of O(n). Then, BS-RRP lasts for totally

log 1
e rounds for rate allocation. In each iteration, the

algorithm will execute the RLC sub-routine on all paths.

Thus, the time complexity of each round is O(n). Thus,

the total time complexity of BS-RRP is O 1ð Þ þ O nð Þþ
O n log 1

e

� �
¼ O n log 1

e

� �
.

5 Algorithm for the link-disjoint multi-path case

5.1 Algorithm description

For the link-disjoint multi-path case, one node may belong

to several paths from source to destination, which increases

the difficulty of resource allocation among all nodes. As

problem formulization belongs to a non-linear program,

this section proposes a pattern-search-based algorithm for

joint relay assignment and rate–power allocation (called

Sub-routine RLC( ): 
For =1 to  do 

state[ ]=false; 

Compute the transmission power of node  as 
  Compute two variable  and  for node ; 

If 
   Then state[ ]=true; 

; 
For each node  from node  to node 

If  and state[ ]=true 
    Then node  is selected as a cooperative relay; 
return 

Fig. 3 Formal description of sub-routine RLC
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PS-RRP). The algorithm mainly consists of two steps:

algorithm initialization and resource allocation.

5.1.1 Description of algorithm initialization

In the first step, the algorithm will select a rough solution

for the LRRP problem. Initially, each path is allocated a

rate Q, and the rate allocation pattern for path set < is

X1 = (Q, Q,…, Q)T. For simple description, the jth

dimension of the rate pattern X is denoted by Xj, which is

the allocated rate for path Wj. The aggregate rate Qtotal of

multiple paths is the total rates of the path set <. That is,
Qtotal ¼ k � Q, where k is the number of paths. As k C 1,

this solution satisfies the rate requirement. After each node

computes its power consumption on the path, we can

determine the maximum lifetime of path set <, denoted by

f(X1), under rate allocation pattern X1. In the following, the

variable Lc denotes the current network lifetime, and is

updated with algorithm execution.

Next, we design a sub-routine to compute the maximum

lifetime of each path under rate constraint. As relay

assignment affects the network lifetime, we propose a

lifetime-aware relay assignment method, called LBR, to

fulfill this task. This method mainly uses the dynamic

program mechanism for joint relay assignment and power

allocation on each path Wj to provide the required rate Qj.

Initially, the transmission power of each node is 0. While

the algorithm processes path Wj ¼ vj0 sð Þvj1 . . .vjm�1
vjm dð Þ,

we assume that all nodes on other paths have been assigned

the powers. For each node vji 2 Wj, it may act as a coop-

erative relay or a traditional relay for wireless transmission.

We compute the traditional and cooperative lifetimes of

this node corresponding to traditional and cooperative

communication schemes. As node vji directly transmits to

node vjiþ1
, power consumption is computed in Eq. (14) and

its traditional lifetime gi can be derived by Eq. (18). While

node vji acts as a cooperative relay from node vji�1
to node

vjiþ1
, power allocation among nodes vji�1

and vji is derived

by Eqs. (9, 10, 12). Note that, the cooperative lifetime qi is
the minimum lifetime of nodes vji�1

and vji , and can also be

derived by Eq. (18). Let Wi
j be the sub-path from node vj0

to node vji on path Wj. The maximum lifetime Lij of sub-

path Wi�2
j can be calculated by the recursive way. Assume

that we have obtained the lifetimes Li�2
j and Li�1

j of sub-

paths Wi�2
j and Wi�1

j under rate constraint. There are two

cases of lifetime Lij. One is that node vji�1
directly transmits

to node vji . The lifetime of sub-path Wi
j is min Li�1

j ; gi�1

n o
.

The other is that node vji�1
acts as a cooperative relay from

nodes vji�2
to vji . So, the lifetime of sub-path Wi

j is descri-

bed as min Li�2
j ; qi�1

n o
. As a result, it follows:

Lij ¼

1; i ¼ 0

g0; i ¼ 1

max min Li�2
j ; qi�1

n o
;min Li�1

j ; gi�1

n on o
; 2� i�m

8>><
>>:

ð21Þ

In this way, the algorithm obtains the maximum lifetime

of path Wj under rate constraint, denoted by Lmj or Lmax
j . For

relay assignment, we add a boolean variable vector, state.

Initially, each variable is false. By Eq. (21), if

Lij ¼ min Li�2
j ; qi�1

n o
, state[i] is set as true. Then, we

check each node from vjm�1
to vji whether it can be selected

for cooperative communication or not. The procedure is as

follows: if Lij is not less than Lmax
j and state[i] is true, node

vji�1
is designated as a cooperative relay. Note that, if

Lij\Lmax
j , it means the lifetime of sub-path Wi

j is less than

Lmax
j . Since Wi

j is a sub-path of Wj, the lifetime of this path

Wj can not reach Lmax
j either. Thus, we need to test for

Lij � Lmax
j to select a node as a cooperative relay. The LBR

method is given in Fig. 4. After executing the LBR method

on all paths one-by-one, each path is allocated a uniform

rate (i.e., Q), and all nodes have computed power con-

sumptions on multiple paths.

5.2 Description of resource allocation

In the second step, we adjust the resource allocation for all

nodes on the multiple paths so as to prolong the network

lifetime under the rate requirement. This step mainly

consists of an iterative procedure. Assume that there is a

rough rate allocation solution, denoted by T1,0. Initially,

T1,0 = X1. In each iteration, we select a step-size d([0) for

rate adjustment. In the algorithm, d ¼ k�1
ck

Q, where k is the

number of paths and c is a constant, such as c = 20. For

uniform description, we denote Di = (0,…, d,…, 0)T, in

which the ith dimension is d. The algorithm determines the

Sub-routine LBR( ): 
For =1 to  do 
 state[ ]=false; 
 Compute variables  and ; 
 Compute  by equation (21) 
If 
    Then state[ ]=true; 

; 
For each node  from node  to node 

If  and state[i]=true 
     Then node  is selected as a cooperative relay; 
return 

Fig. 4 Formal description of sub-routine LBR
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next pattern by lifetime detection on each path. For pathW1,

if network lifetime can be improved and rate requirement is

stilled satisfied as path W1 is allocated a rate X1
i � d; Ti;0 �

D1 is selected as the temporary pattern, denoted by Ti,1.

Note that, we can use the LBR method to implement the

lifetime detection, i.e., LBR W1;X
1
i � d

� �
. Assume that we

have obtained the rate allocation pattern Ti,j, and updated

the variables Lc and Qtotal. The new pattern is computed as

follows: if Qtotal - d C Q and LBR Wjþ1; T
jþ1
i;j � d

� �
[ Lc,

it means that a new rate allocation pattern with better life-

time has been detected on path Wj?1. That is,

Ti;jþ1 ¼ Ti;j � Djþ1. Otherwise, Ti,j?1 = Ti,j. In this way, we

obtain the rate allocation pattern Ti,k.

There are two cases of rate pattern Ti,k. On the one hand,

a new rate allocation pattern Ti,k is found by the above

processing. That is, Ti,k = Ti,0. The algorithm generates

another rate pattern as Xi?1 = Ti,k, Ti?1,0 = 2Xi?1 - Xi,

and continues to a new search from the pattern Ti?1,0. On

the other hand, there is no pattern with improved network

lifetime by detection on any paths. The algorithm will

compare the network lifetimes of two rate allocation pat-

terns Ti,0 and Xi, denoted by f(Ti,0) and f(Xi). The maximum

lifetime of multiple paths can be computed by repeatedly

running the LBR method on the path set <. If f(Ti,0)\
f(Xi), we set Ti,0 = Xi, and the algorithm searches a better

solution around the pattern Ti,0 again. Otherwise, we can

not find a new rate pattern with better network lifetime

PS-RRP Algorithm: 
Step 1: Algorithm Initialization 

for  to  do 
 //power allocation and relay assignment 

Step 2: Resource Allocation 

while( ) { 
       // current aggregate rate 

for  to { 
if (  && ){ 

   //

} 
else  

} //end for 
If ( )// Find a better rate pattern 

  else //i.e., better = false
If ( ) 

else{ 
if ( ) //  represents a small constant      

else  //shorten the step-size 

}  //end else 
}//end while 

Fig. 5 Formal description of

the PS-RRP algorithm
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under the current step size. So, the algorithm shortens the

step size by setting d ¼ d
c
, and continues to search the

solution around the rate pattern Ti?1,0. That is, Ti?1,0 =

Xi?1 = Ti,0. The algorithm terminates if the current step-

size d is less than a given threshold h, where h is a small

positive constant. The integrated PS-RRP algorithm is

formally described in Fig. 5.

5.3 Performance analysis

Theorem 3 The PS-RRP algorithm will terminate in

finite iterations.

Proof There are two cases at the end of each iteration in the

second step. Assume that the algorithm can find a better rate

allocation pattern in the iteration. Therefore, the algorithm

moves a step size d to the optimal pattern at least. If no better

rate pattern is found at the end of this iteration, the algorithm

will find a better solution in the iteration from a new start

pattern. As a result, the algorithm moves a step size to a better

rate allocation pattern through two iterations at most. There-

fore, the algorithm will execute at most 2 � k�1ð ÞQ
d ¼

2 � k�1ð ÞQ
k�1ð ÞQ
ck

¼ 2kc rounds. When no better solution is found, the

algorithm shortens the step size by d ¼ d
c
. Then, for a certain

step size, the algorithm will run 2kc iterations at most, for the

rate on each path will be reduced less than c � d. As the algo-
rithm will terminate until the current step size is not more than

h, it deals with totally logc
Q
h types of step sizes. As a result, the

algorithm will run 2kc logc
Q
h iterations at most. h

Next, we compute the time complexity of LBR. For a given

pathWj, this method will check all nodes in the path twice for

lifetime determination and relay assignment. The time com-

plexity isO Wj

�� ��� �
, where Wj

�� �� is the number of nodes on path

Wj. Now, we analyze the time complexity of the PS-RRP

algorithm. Assume that n is the number of nodes in the net-

work. The first step mainly fulfills the algorithm initialization.

The time complexity isO(kn). In the second step, the algorithm

will consist of totally 2kc logc
Q
h iterations. In each iteration, the

algorithm will detect the network lifetime on all paths, which

costs the time complexity of O(kn). As a result, the total

time complexity is O knð Þ þ O knð Þ � 2kc logc
Q
h ¼ O k2cnð

logc
Q
hÞ ¼ O k2n logc

Q
h

� �
, where c is a predefined constant.

6 Numerical results

6.1 Simulation setting

This section describes the numerical results to demonstrate

the high efficiency of the BS-RRP and PS-RRP algorithms.

However, there are no special works about relay assign-

ment and rate–power allocation for multiple paths, and

some works [4, 6, 7] all assume that the transmission rate

of each link or transmission power of each node are fixed.

Though there are some references that deal with one path

and/or one hop only, they can not be extended to the multi-

hop and multi-path case directly. Therefore, we will adopt

three related algorithms about rate and power allocation as

references for performance comparison. The first one is

called as the URA algorithm, which implements the uni-

form rate allocation among multiple paths under the tra-

ditional communication scheme. That is, each path will be

allocated a rate Q
k
, where Q is the required rate and k is the

number of paths from source to destination. After each

node determines its power consumption on every path, the

network lifetime is also derived. The time complexity of

the URA algorithm is O(n), where n is the number of nodes

in a network. The second one, called BS-RP, uses the

binary search method for rate and power allocation among

the node-disjoint multi-path routes under the traditional

communication scheme. Similar to the BS-RRP algorithm,

the time complexity of BS-RP is O n log 1
e

� �
too, where e is

an arbitrarily small value. The third one (called PS-RP), in

which cooperative communication (or relay assignment) is

not permitted, is the simplified version of the PS-RRP

algorithm. As the time complexity of power allocation

under the direct transmission and cooperative communi-

cation are the same as introduced in Sect. 3.2, the time

complexity of the PS-RP algorithm is O k2cn logc
Q
h

� �
,

where c and h are pre-defined constants. The BS-RRP

algorithm will be compared with the URA and BS-RP

algorithms, while the PS-RRP algorithm will be compared

with the URA and PS-RP algorithms to show the lifetime

efficiency with cooperative communication. In the fol-

lowing, we introduce the simulation set-up and perfor-

mance measurement.

By default, the simulations setup a wireless network

with 120 nodes in the square area 800 m 9 800 m ran-

domly. By assumption, we consider two disjoint paths from

a source to a destination, which can be constructed by the

Suurballe algorithm [3]. The default rate requirement

between two nodes is 8 Mbps. In the network, all nodes

except the source and destination nodes can potentially act

as cooperative relays. To compute the link rate, we use the

same parameters as those in the simulations [11]. The

bandwidth for each channel is W = 22 MHZ. For sim-

plicity, we assume that the parameter hsd only includes the

path loss component between nodes s and d is given by

h2sd ¼ sdj j�4
, where sdj j is the distance (in meters) between

two nodes. For the AWGN channel, we regard that the

variance of noise is 10-10W at all nodes. In the simulations,

each cooperative relay works on the DF mode.
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For performance comparison, we use the network life-

time, which is the minimum lifetime of all nodes on mul-

tiple paths defined in Eq. (19), as the main performance

metric. We mainly observe the impact of different network

parameters on the lifetime of multiple paths according to

the node-disjoint and link-disjoint cases. In each simula-

tion, we run these algorithms on 100 random topologies,

and the plotted results are averaged over random

topologies.

6.2 Simulation results for different algorithms

In the first group of simulations, we compare BS-RRP with

the URA and BS-RP algorithms for the node-disjoint case.

The first experiment shows the impact of the number of

nodes on the network lifetime of multi-path routing. Except

the default setting, we change the number of nodes from 80

to 160. The simulation result shows that the network life-

time will be improved as the number of nodes increases.

The reason is that, in the denser network, the average

distance between two nodes becomes shorter, which also

leads to the power saving. From Fig. 6, we conclude that

the BS-RRP algorithm can prolong the network lifetimes

about 36.14 and 30.22 % compared with the URA and BS-

RP methods.

The second experiment shows the impact of area size on

the network lifetime of multi-path routing. In the simula-

tion setting, the area size is varied from 600 m 9 600 m to

1000 m 9 1000 m gradually. The simulation result is

illustrated in Fig. 7. As area size is becoming wider, the

Fig. 6 Number of nodes versus network lifetime for the node-disjoint

case

Fig. 7 Area size versus network lifetime for the node-disjoint case

Fig. 8 Rate requirements versus network lifetime for the node-

disjoint case

Fig. 9 Number of nodes versus network lifetime for the link-disjoint

case
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average distance between two nodes also becomes larger,

which leads to much more power consumption and short-

ened network lifetime. From Fig. 7, we observe that BS-

RRP will prolong the network lifetimes about 32.82 and

25.32 % compared with the URA and BS-RP methods.

The third experiment shows the network lifetime by

varying the rate requirements between source and desti-

nation. The required rate is changed from 2 to 14 Mbps.

With the increase of the rate requirement, the assigned

power on each node will be increased accordingly, and the

network lifetime is shortened significantly. From Fig. 8,

the BS-RRP algorithm prolongs the network lifetimes

about 30.87 and 21.67 % compared with the URA and BS-

RP methods, respectively.

In the second group of simulations, we mainly compare

PS-RRP with the URA and PS-RP algorithms for link-

disjoint multi-path routing. The first experiment shows the

impact of the number of nodes on the network lifetime. We

change the number of nodes from 80 to 160. As the number

of nodes increases, the average distance between two nodes

becomes shorter, and the average power consumption is

also decreased. From Fig. 9, we know that the PS-RRP

algorithm prolongs the network lifetimes about 37.12 and

30.78 % compared with the URA and PS-RP methods,

respectively.

The second experiment shows the impact of area size on

the network lifetime of link-disjoint multi-path routing.

The area size is varied from 600 m 9 600 m to

1000 m 9 1000 m gradually. The simulation result shows

that the network lifetime will be decreased as the area size

is becoming wider. The reason is that, each node will

averagely cost much more power consumption for wireless

transmission under the larger area size. From Fig. 10, we

observe that PS-RRP can prolong the network lifetimes

about 37.63 and 30.94 % compared with the URA and PS-

RP methods.

The third experiment shows the impact of the rate

requirements on the network lifetime. The required rate

between the source node and the destination node is

changed from 2 Mbps to14 Mbps. With the increase of the

rate requirement, the network lifetime is shortened signif-

icantly. From Fig. 11, we can conclude that the PS-RRP

algorithm can prolong the network lifetimes about 41.34

and 30.44 % compared with the URA and PS-RP methods,

respectively.

7 Conclusions

This paper mainly studies the joint relay assignment and

rate–power allocation for multi-path routing to prolong the

network lifetime by exploring the advantages of coopera-

tive communications. We present the BS-RRP and PS-RRP

algorithms for the node-disjoint and link-disjoint cases

respectively. Two algorithms adopt the binary-search

method and pattern-search method to implement the joint

multi-resource allocation for multi-path routings. The

simulation results show that the two algorithms can

improve the network lifetimes compared with the tradi-

tional resource allocation methods in many situations.

Parallel transmission is an efficient way to achieve the

aggregate throughput. However, this work assumes that

there is no interference among parallel transmissions. Thus,

we will consider the interference-aware resource allocation

problem in the future.
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