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ABSTRACT

mesh network powered by battery is a critical design consideration, which is especially important if it is hard or impossible to recharge or replace exhausted battery for router
in some extreme cases. Network lifetime in this paper is
deﬁned as the duration before the ﬁrst router runs out of
battery. Because once a router exhaust energy and disconnect with other routers, the function of the network will
be seriously damaged. It is especially true if the router is
in a crucial position of a path or is a signiﬁcant pivot of
the whole network. However, routers at diﬀerent positions
may have diﬀerent energy-consumption because they have
diﬀerent workloads and are under diﬀerent channel conditions. The lifetime of the network will be reduced if a router
always consumes more energy than others. Improving the
energy-balancing of the whole wireless network can signiﬁcantly extend the lifetime of the network, since it has been
widely accepted that applying the same energy-allocation to
all routers in the network is not an advisable strategy.

How to prolong the multimedia application based on multihop wireless mesh networks powered by ﬁnite energy resource is a critical issue. In this paper, we propose a new
approach to extend network lifetime by maximizing energybalancing between routers while satisfying minimal multimedia service quality requirement. Speciﬁcally, a new channel
coding scheduling algorithm is proposed to allocate the optimal channel coding redundancy to each multimedia packet
to achieve both the maximal energy-balancing of the network and the lower bound of multimedia Quality of Service (QoS) requirement. The simulation results show that
the proposed approach can signiﬁcantly improve the energybalancing of the multi-hop wireless mesh networks.

Categories and Subject Descriptors
H.4 [Information Systems Applications]: Miscellaneous;
C.2.1 [Network Architecture and Design]: Cross-layer
Design —wireless networks, multimedia computing

General Terms
Design
Figure 1: Illustration of optimal energy-balancing
scheduling in Multi-Hop Wireless Mesh Networks
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1.

Recent research in the area of multi-hop wireless multimedia
mesh network were focus on multimedia QoS provision and
the optimal system scheduling with end-to-end delay constraint, which seldom considered prolonging the lifetime of
wireless mesh network. In research [1], the authors surveyed
the scheduling technique for wireless networks, in which several scheduling algorithms were studied for TDMA, CDMA,
and multi-hop packet networks. In research [2], the authors
proposed a collaborative algorithm considering quality of
service requirements, the underlying channel conditions, and
the network topology to maximize Point to Point (P2P) multimedia quality through multi-hop wireless networks. The
proposed algorithm optimizes resource exchanges by cooperatively allocate available resource among peers. In addition,
scalable coding and cross-layer strategies are used to enable
the resource exchanges. The advantage of multiple antennas
was exploited in research [3] to support multimedia application in multi-hop wireless networks. In research [4], the
authors solved the problem that how to route multiple de-

INTRODUCTION

Multimedia streaming application over multi-hop wireless
mesh network has been applied to wide areas to provide low
cost communication service recently. Diﬀerent from wired
network, routers in a mobile and embedded wireless network are usually powered by ﬁnite battery with limited energy resource. Extending the lifetime of multi-hop wireless
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scription multimedia video in multi-hop wireless networks
by designing cross-layer optimal strategy with an application performance metric. A branch-and-bound solution and
a new technique called Reformulation-Linearization Technique (RLT) were exploited to ﬁnd the optimal solution. In
research [5], the authors proposed an integrated cross-layer
algorithm which optimized various control parameters across
the protocol layers and across the various nodes to maximize the video quality in multi-hop wireless mesh networks
with delay-constraint. The algorithm was performed by various scenarios with diﬀerent levels of network status and the
results showed a signiﬁcant improvement of video QoS. In
research [6], the authors investigated improvement of unreliability of video streaming in wireless multi-hop networks under a cross-layer optimization framework which considered
various cross-layer parameters at the physical layer, medium
access control (MAC) layer, and application layer to maximize the video quality, where optimal deployment of path
diversity was also studied to solve the link error problem.
A distributed scheduling was developed in research [7] to
achieve minimal multimedia-distortion and fairness by testing media distortion and allocating network resource. In research [8], the authors deployed an overlay infrastructure to
feedback necessary network conditions for cross-layer adaptation. Some other cross-layer design about MAC, routing,
energy distribution, and rate allocation were studied in [9]
[10] to achieve the optimal overall system objective. However, the primary purpose of studies above was to maximize
the decoded user-received multimedia quality, which did not
consider the energy constraint - a critical factor for batterypowered wireless mesh networks.

2.

formulated as:





[G] = arg min

max (ei ) − min (ej )
∀i∈S

(1)

∀j∈S

Subject to the QoS lower bound constraint:
E [D] ≥ Dmin

(2)

Where [G] denotes the optimal channel coding rate allocation of each multimedia packet on each hop, which leads to
the minimal energy-diﬀerence between the “highest energy”
router and the “lowest energy” router. S denotes the set of
all routers along the linear chain wireless mesh network, ei
and ej denotes the residue energy of router i and router j
respectively. max(ei ) and min(ej ) are the two routers with
the highest and the lowest residue energy respectively. The
purpose of equation 1 is to optimize the channel rate allocation in each hop along the linear router chain to minimize the energy-diﬀerence between routers in the network.
E [D] in equation 2 denotes the expected end-received multimedia quality and Dmin is the quality-constraint that deﬁne the minimum QoS requirement. The proposed optimal
quality-assured energy-balancing scheduling in this paper integrates both equation 1 and equation 2 to minimize the
energy-diﬀerence between routers in the network by optimizing channel rate allocation to each hop while satisfying
the transmission quality constraint.

3.

MULTIMEDIA QUALITY MODELING

Fundamentally diﬀerent from traditional approach which
always apply maximal channel coding rate to all hops to
achieve the maximal end-received quality, we propose a new
optimal energy-balancing scheduling which allocate the optimal channel coding rate to each hop in the process of multimedia data transmission to improve the energy-balancing
of the whole network, so as to prolong the lifetime of wireless
mesh network.

PROBLEM STATEMENT

In this paper, we focus on the energy-balancing along a single communication path and multimedia packets have various quality contribution. A scenario of the multi-hop wireless mesh network discussed in this paper is illustrated in
Figure 1. As Figure 1 shows, a multimedia ﬁle that contains
some multimedia packets with diﬀerent size and diﬀerent importance level waits to be transmitted from the source node
to the sink node along a single communication path. Each
multimedia packet need to pass all routers in the liner transmission chain, which means multimedia packet can only be
transmitted between two adjacent routers. Routers along
the path have diﬀerent residual energy and are under various channel conditions. After transmitting the multimedia
ﬁle, the energy-balancing of the network should be optimal
and end-to-end quality satisfy the minimal quality requirement.

First we analyze the expected multimedia quality received
in the destination by considering the quality contribution of
each packet and related path-pass probability. We have N
multimedia packets with various importance levels:
{d1 , d2 , ......, dN }
These packets need to be transmitted over wireless network
from the source node to the sink node, and we also have H
hops:
{h1 , h2 , ......, hH }
In the wireless multimedia network, the expected end-to-end
multimedia quality can be expressed as follows:

In a linear chain topology of multi-hop wireless mesh network, once a router runs out of the battery, the whole transmission path will be cut oﬀ leading to loss of communication
support, even other routers may still have much residual energy. In this paper, we extend the lifetime of wireless network by improving the energy-balancing of whole network,
the energy-balancing is deﬁned as the diﬀerence between two
nodes with the highest and the lowest residue energy respectively in [11], and we follow the symbol deﬁnition presented
in [12]. Thus the energy-balancing optimization could be

E [D] =

C

i=1

(di ×

H


(1 − Piα ))

(3)

α=1

C denotes the number of multimedia packets transmitted
over the network, which is speciﬁed after grouping multimedia packet according to importance level. d denotes the
expected quality contribution of a certain multimedia packet
after the packet passes through the transmission path hopby-hop and received by the sink node in the destination correctly. Piα denotes the link-loss probability of packet i on
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hop α, which means the loss probability of packet i between
router α and router α + 1. As the equation shows, the expected end-received multimedia quality is expressed as the
quality-contribution summation of all packets weighted with
related packet path-pass probability, which is presented as
a consecutive multiplication of link-pass probability.

4.

CHANNEL CODING RATE ASSIGNMENT

Our optimal energy-balancing scheduling is deployed with
quality-constraint, so the link-layer packet loss probability
is required to estimate the end-received multimedia quality.
Due to the error resilience of Forward Error Coding (FEC),
packet loss probability can be reduced after channel coding
redundancy is added into original multimedia packet. In
general, with the same original packet size and under the
same channel condition, more channel coding redundancy
means more packet transmission reliability and more energy
consumption. The packet link loss probability that inﬂuenced by original multimedia packet size, channel coding redundancy, and channel bit loss probability can be expressed
as follows according to [13]:

M
+a 

M +a
(4)
bi (1 − b)M +a−i
p=
i

5.

SIMULATION

In this section, we perform simulation study of the proposed approach and evaluate the performance of optimizing
energy-balancing of the whole network and to check whether
the proposed approach can transmit more multimedia packets. Traditional approach is also evaluated for comparison,
which always applies the maximum coding rate in each hop
to obtain the maximum end-received quality. We focus on
the energy-balancing of forwarding routers in the network,
because in the proposed linear multi-hop wireless mesh network topology, the source node and the sink node only send
or receive data, so both of them always consume less energy
than forwarding routers.

i=M +1

The simulation parameters are stated as follows. The multihop wireless network model includes one source node, one
sink node, and six forwarding routers in the middle. The
multimedia ﬁle contains ﬁve types of multimedia packet with
diﬀerent size and diﬀerent importance level, and there are
many ﬁles waiting for transmission. Transmission and receiving power is 20mW and 15mW respectively. The packet
header of each multimedia packet is 6 bytes. Four preselected channel coding rate is 9/9, 10/9, 13/9, and 15/9.
The transmission rates in each router are shown in Table 1
with various transmission rate diﬀerence that presented as a
percent of the lowest receiving rate. To focus on the energybalancing impacted by the proposed approach, evaluations
for all routers were performed under the same channel condition in both proposed approach and traditional approach.

where p denotes the packet link loss probability, M denotes
the length of original multimedia packet, a is the length of
channel coding redundancy added into original multimedia
packet, and b denotes the bit loss probability. From this
equation we can see diﬀerent redundancy coding added to
multimedia packet can cause diﬀerent packet link-loss probabilities which will inﬂuence end-received multimedia quality.
The proposed scheduling applies the optimal channel coding rate strategy to each packet to tune the tradeoﬀ between
QoS and energy-balancing.
To achieve the optimal channel coding rate strategy, accurate energy-consuming estimation for each router is required. Our purpose is to get the minimum energy-diﬀerence
between the “highest energy” and the “lowest energy” routers
after all multimedia packets are transmitted along the network. The energy consumption of each router after all multimedia packet passed is estimated as:


 

C
C

li × gi in
li × gi out
Pr ×
Pt ×
+ to +
+ to
eco =
r
r
i=1
i=1
(5)
where eco denotes the energy consumption of a certain router,
Pr and Pt denote the transmission power and receiving power
respectively. li is the length of original multimedia packet i,
gi in and gi out denote the channel coding rate allocated to
the packet i on the previous router and the current router respectively, r denotes the transmission data rate in the multihop wireless mesh network and to is protocol overhead. This
equation estimates the total energy consumption of a certain
router after receiving and sending all C data packets. Then
the residue energy e of a certain router could be calculated
as
e ← e − eco

network. The design guideline of proposed quality-assured
energy-balancing scheduling is described as: First, estimate
the residue energy of each router and the expected endreceived quality contributed by all packets with diﬀerent
channel coding allocation strategies; Second, search the optimal channel coding allocation scheme which leads to the
minimal energy-diﬀerence of the network while the expected
end-received quality satisﬁes the minimal quality requirement.

Figure 2:
Maximum energy discrepancy with
various workloads (transmission rate diﬀerence is
20%, minimum end to end quality requirement is
356510659 MSE, bit loss provability= 3/100000)

(6)

The optimal energy-balancing of the multi-hop wireless mesh
network can be achieved by allocating the optimal channel
coding rate to each multimedia packet on each hop of the

Figure 2 illustrates the energy-diﬀerence between the “high-

143

Table 1: Receiving rate and sending rate in each router with various transmission Rate Diﬀerence. (R:
receiving rate, S: sending rate, the unit of transmission rate is Mbps)
Router 1
Router 2
Router 3
Router 4
Router 5
Router 6
TX Rate Diﬀ.
R
S
R
S
R
S
R
S
R
S
R
S
5%
10
10.5 10.5 11
11
11.5 11.5 12
12
12.5 12.5 13
10%
10
11
11
12
12
13
13
14
14
15
15
16
15%
10
11.5 11.5 13
13
14.5 14.5 16
16
17.5 17.5 19
20%
10
12
12
14
14
16
16
18
18
20
20
22
25%
10
12.5 12.5 15
15
17.5 17.5 20
20
22.5 22.5 25

est energy” router and the “lowest energy” router with diﬀerent workloads that presented as the number of multimedia
ﬁle transmitted. Energy-diﬀerence is presented as a percent
of full charged battery. The initial energy in each router is
the same but transmission rate is diﬀerent, so the energy
consumption in each router is diﬀerent. From the ﬁgure,
we can see that energy-diﬀerence increase with bigger workload, since transmission consumption in each router is different, so with more workload, more energy-diﬀerence will
be. Compared with traditional approach which focuses on
maximizing the end-received multimedia quality, the proposed approach can signiﬁcantly improve energy-balancing
of the multi-hop wireless mesh network. This is because traditional approach always applies the maximal channel coding rate to each hop without considering energy-balancing;
on the other hand, the proposed scheduling can improve
the energy-balancing of the network by jointly considering
energy-diﬀerence, QoS, channel condition, and importance
level of multimedia packet. The optimal channel coding allocation is achieved by the proposed scheduling algorithm,
in which ﬂexible channel coding rates are applied to each
hop when diﬀerent multimedia packet passes through. In
addition, the proposed approach groups and prioritizes multimedia packets according to importance level and allocates
the optimal local quality requirement to each group to make
the expected global QoS satisﬁes the minimal quality requirement.

Figure 3 illustrates the ﬁnal energy-diﬀerence with diﬀerent transmission rate diﬀerence. This experiment aims to
estimate the proposed approach’s ability to balance energydiﬀerence. Transmission consumption diﬀerence increased
with the increase of transmission rate diﬀerence, so the energydiﬀerence also increased. As shown in the ﬁgure, the energydiﬀerence of the traditional approach increased quickly, because the traditional approach can not improve the energybalancing. However, the proposed approach almost totally
balances the energy distribution between nodes in the network if the transmission rate diﬀerence is low. In our case,
if the transmission rate diﬀerence less than 10%, with corresponding maximum receiving rate diﬀerence less than 50%
(the minimum receiving rate is 10Mbps and the maximum
receiving rate is 15Mbps). The ﬁnal energy-diﬀerence of proposed approach becomes higher if transmission rate diﬀerence more than 10%. That is because the energy-diﬀerence
is too large to be balanced; otherwise we can extend the
range of preselected channel coding rates to increase balancing capability of the proposed approach. Compared with
traditional approach, the proposed approach allocates optimal resource to each router and signiﬁcantly improves the
energy-balancing.

Figure 4: The number of passed ﬁle with various transmission rate diﬀerences (minimum end to
end quality requirement is 356510659 MSE, bit loss
provability= 3/100000)
Figure 3: Maximum energy discrepancy with various transmission rate diﬀerences (minimum end-toend quality requirement is 356510659 MSE, bit loss
provability= 3/100000)

Figure 4 illustrates how many multimedia ﬁles could be
transmitted before the ﬁrst router runs out of the battery.
The number of transmitted ﬁles can represent the lifetime
of the wireless network directly, so it is used to estimate the
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performance of lifetime extension achieved by the proposed
approach. From the ﬁgure we can see the proposed approach
can transmits 50% more multimedia ﬁles than traditional
approach, which means the lifetime of the network is significantly extended by the new scheduling. The lifetime of the
network depends on the router with the lowest energy, and
the traditional approach always adds the maximum channel
coding redundancy to the “lowest energy” router, so the lifetime of network does not change with various transmission
rate diﬀerences. As Figure 3 shows, the energy-diﬀerence
can not be totally balanced by the proposed approach if
transmission rate diﬀerence is more than 15%, and in this
case, the proposed approach always allocate the minimum
channel coding rate to the “lowest power” router to improve
the energy-diﬀerence of the network if quality requirement is
satisﬁed, so the number of transmitted multimedia ﬁles does
not change after the transmission rate diﬀerence is greater
than 15%. However, if the transmission rate diﬀerence less
than 15% and the energy-diﬀerence can be balanced by the
proposed approach, various channel coding rate rather than
always the minimum coding rate are applied to the “lowest
energy” router to keep the energy-balancing, so more energy is consumed to increase the quality and the number of
transmitted ﬁle is reduced.
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CONCLUSION

In this paper we have proposed a new quality-assured energybalancing scheduling approach to prolong the multi-hop wireless mesh network lifetime by jointly considering quality requirement and energy-diﬀerence. In the proposed approach,
the optimal channel coding rate strategy is performed to
each hop to improve the energy-balancing while meeting the
lowest multimedia service quality requirement. Simulation
results have shown the proposed approach can signiﬁcantly
improve the energy-balancing between routers and can prolong the lifetime of the network at the cost of acceptable
quality reduction.
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