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Abstract— Wireless sensor networks are being developed for a
variety of applications. Energy conservation for communication
operations in such networks is crucial and challenging. This
paper studies the problem of determining an energy-efficient
schedule for packet transmission over a multi-hop communication
path using modulation scaling. The goal is to minimize the max-
imal energy dissipation over all nodes while satisfying a specific
latency constraint. A binary search based off-line algorithm is
first developed. An on-line adaptive mechanism is then presented.
Experimental results show that a significant amount of energy can
be saved by using the off-line algorithm. Two runtime scenarios
are used to demonstrate the ability of the on-line mechanism to
adapt the modulation settings with respect to system variations
in data packet size and latency constraint.

I. INTRODUCTION

Wireless sensor networks (WSN) are being developed for a
wide range of civil and military applications, such as assembly
line controlling, object tracking, infrastructure monitoring,
habitat sensing, and battlefield surveillance [1], [2]. One basic
feature of WSN applications is to send queries or gathered
information in between the base station and the location(s)
where the target phenomena is observed. Such feature usually
requires multi-hop packet transmission if the distance from
the base station to the phenomena is large. For example, a
cluster-based sensor network [3], [4] necessitates a multiple-
source single-recipient communication paradigm via multi-hop
packet transmission (shown in Figure 1). Further, to reduce
communication interference in highly dense wireless networks,
the communication range of radios must be reduced. This
results in multi-hop transmission as well.

A key concern in WSN is energy-efficiency. The large scale
of such networks and the necessity of unattended operation
over a long period of time requires careful management of
the energy resources. In addition, wireless communication is a
major source of power consumption during system operation –
the ratio of the energy spent in sending one bit of information
to the energy spent in executing one instruction is typically
around several orders of magnitude [5]. It is therefore crucial
to develop low-power radio modules (e.g., [6], [7]) as well
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Fig. 1. Multi-hop packet transmission in a sensor network

as power-control schemes (e.g., [8]–[11] and energy-efficient
packet scheduling mechanisms (e.g., [12]–[14]).

One useful technique for reducing the radio power consump-
tion is the so-called modulation scaling [14], which explores
the tradeoff between transmission energy and time duration
by adapting the modulation level to match the traffic load.
An important observation is that in many coding schemes,
suppose ������� is the energy expended for transmitting a packet
over � units of time, ������� is a non-negative, monotonically
decreasing, and strictly convex function of � [13]. Several
recent papers [12]–[14] have investigated techniques for power
conservation in wireless communication. In [14], an on-line
policy for a single-hop transmission link using modulation
scaling is proposed. The problem of minimizing the energy
dissipation for transmitting a set of packets over a single-hop
link subject to a specific delay constraint is discussed in [13].
An extension of the problem that considers a single transmitter
and multiple receivers is investigated in [12]. In both [13]
and [12], the authors provide optimal off-line algorithms
together with near-optimal on-line solutions.

While all the above efforts consider single-hop communica-
tion link, this paper studies the problem of scheduling packet
transmission over a multi-hop communication path with the
goal to achieve energy-efficiency. The transmission must be
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completed within a specific end-to-end latency constraint. The
forms of function � ����� for different hops along the path can
be different, depending on the radio component, distance, and
environmental condition of each hop. One evaluation metric
for energy-efficiency is the lifetime of the path, which is
determined when the first sensor node along the path fails due
to depleted energy. Thus, one intuitive objective is to minimize
the maximal energy dissipation over all sensors along the path,
with respect to their remaining energy.

The rest of the paper is organized as follows. The off-
line scheduling problem for multi-hop packet transmission is
described in Section II. A binary search based approximation
algorithm for solving the off-line problem is presented. In
Section III, an on-line mechanism for the scheduling problem
is developed. Experimental results are shown in Section IV.
Finally, the concluding remarks are given in Section V.

II. OFF-LINE SCHEDULING ALGORITHM FOR MULTI-HOP

PACKET TRANSMISSION

A. Problem Definition

The underlying wireless network is modeled as a multi-
hop communication path that involves � sensor nodes, denoted
as

����� ���	� 
�
�

� ���
, where

�
represents a single-

hop communication link, or simply hop. A packet of size � is
needed to transmit from node

� �
to

� �
in a given time interval

(latency constraint) � ������� . The value of � may be determined,
for example, by the query rate at the base station.

It is well known that communication energy includes the
energy for driving the transmit amplifier and the energy of
transmit or receive electronic circuitry, such as filtering and
modulating. For the sake of easy analysis, we focus on
Quadrature Ampitude Modulation (QAM) scheme [15]. Note
that the techniques presented in this paper are extendible to
other modulation schemes as well. By fixing the symbol rate���

for each hop, the time duration for transmission over� � ��� ��� �
, � � , can be modeled as:

� ��� �� �"! � � (1)

Further, the corresponding energy dissipation for sending the
packet, # �

, can be modeled as [14]:

# � � �%$ �'&)(*�'! � � �"+ � � � � , ��! �%-/.103254 � &	(6� � ! �� � (2)

where $ �
is the transmission power; , �

is determined by
the quality of transmission, in terms of Bit Error Rate, and
the noise power;

(*�
is a device-dependent parameter that

determines the power consumption of electronic circuitry;
���

is the constellation size in number of bits per symbol.
By substituting

� ��� 78 019 :�0 in equation 2, it can be shown
that # �

is a non-negative, strictly convex, and monotonically
decreasing function of � � . Let � � � � � � denote the function.
With a set of parameter settings extracted from [16], � � � � � �
is illustratively depicted in Figure 2, where the domain of ; �
is bounded by varying

���
from 2 to 8. A schedule of packet

transmission, in terms of the vector <� �>= � � �@? � 4/� 
�
�
 � � 2A4CB ,
is feasible if the transmission latency, D �FE���HG � � � , is within � .

Note the fact that the remaining energy of different nodes
may not be identical, which needs to be considered for a
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Fig. 2. Energy vs. transmission time with QAM scheme

balanced distribution of energy dissipation along the path.
However, the above fact can be alternatively captured by
normalizing parameters , �

and
(*�

with the remaining energy
of node

� �
. Thus, without loss of generality, each node is

assumed to have one unit of remaining energy.
To emphasize on the main issues, the energy dissipation

for receiving the data packet is not modeled. However, since
energy dissipation for reception is fixed for each node, it can
be easily incorporated into the above model and the algorithms
presented in the paper. The off-line problem can now be
formally stated as follows:
Given a series of consecutive single-hop communication links�I�����"�J�K
�
�
L�����

, and packet size � ;
find a feasible schedule of packet transmission, <� , so as to
minimize the maximal energy dissipation over all nodes:MONQP"R8 � �FE"�SQTVU�HG � � � � � � � � �FE"�SQTVU�HG � � , �"! �%-XWY 0[Z \]0 2^4 � &)(*� � ! � ��! � �
The node,

� �
, that satisfies � � ��� � � � MONQP R8 is called the

critical node for <� , or simply critical node. In general, critical
node may not be unique.

B. Off-line Scheduling Algorithm

In this section, we describe the algorithm for the optimal
off-line schedule. The necessary and sufficient conditions for
optimality are first stated as follows.

Lemma 1: A schedule <� is optimal if and only if <� satisfies

(a) _ � � ��� � ; and

(b) � � ��� � � � � � ��� � � � 
�
�
 � � �FE�� ��� �`E�� � 

Proof: a The proof of condition (a) is trivial, since

otherwise, we could simply increase the transmission time of
all the critical nodes and reduce their energy dissipation.

To prove condition (b), let <� be a feasible vector that does
not satisfy condition (b). Further suppose that <� is optimal,
which means that <� satisfies condition (a). Without loss of
generality, we assume that the critical node for <� is unique,
denoted by

� �
. Thus, for some b , bdc� ? , we have � � � � � �6e

�gf ���hf � . Consider the schedule <i such that i'j � � j for k^c�
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? � b , i ��� � � 2 � , and i f � �hf & �
, where

� ed� and � � � i � ���
� f � i f � . It is easy to verify that <i is feasible and

MONQP�R���MONQP"R8 , which contradicts the optimality of <� and completes
the proof of necessity.� Let <� be a non-optimal schedule that satisfies both
conditions (a) and (b). Further let <i be a feasible and optimal
schedule. Obviously, we have � � � i � � � � � ��� � � for ? �
4/� 
�
�
 � � 2>4 . Due to the strictly non-decreasing property of
� � � ! � , we have i � e � � . Hence D � i � e D � � � � � , which
contradicts the feasibility of i and proves the lemma.

Though the optimal schedule can be obtained by solving
the two set of equations in Lemma 1, it is quite challenging to
directly solve the equations using algebraic techniques. How-
ever, Lemma 1 motivates a binary search based approximation
algorithm to solve the problem.
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For instance, consider an illustrative problem consisting of
4 hops (i.e., � �
	

). The curves of the energy functions � � � � � �
to ��� � ��� � are shown in Figure 3. Let <� be the optimal sched-
ule. From Lemma 1, the list of 4 points with coordinations
��� � � � � ��� � � � �@? � 4]� 
�
�
 ��
 must lie on a straight line that is
parallel to the X axis. Let ������� denote the line. The algorithm
is performed in an iterative way, with � f� denote the value of
� � in the b -th iteration. Initially, we set ���� � 
�
�
 � ���� ��� � .
If � � � � �� � � 
�
�
 � ��� � � �� � holds, we are done. Otherwise,
let # ������ � SQTVU � = � � ��� �� �hB and # �� � � � S �"! � = � � ��� �� � B .
Obviously, �#�$��� must lie in between lines % � # �� � � and
% � # ������ . The exact position of ���$��� can be found by using
binary search. To terminate the search when a desired quality
of the schedule is met, a user-specified parameter &(' �%����4 � is
needed to indicate the tolerable difference between � and the
total transmission delay of the schedule. The rationale behind
it is that if the difference is small enough, the corresponding
schedule is close to the optimal.

The pseudo code of the algorithm is shown in Figure 4.
The value of

� �
can be derived from equation 1 based on the

final value of � � . Note that in practice,
� �

can only take integer
values. Thus, the final value of

� �
is obtained after performing

a ceiling function.

Begin
1. Set b � � ; � f� � ��FE"�
2. Calculate # f����� and # f� � �
3. While <� f is not optimal, Do

4. b � b & 4 ; # � �") �+*-,.-/�0 � * ,. 021�
5. Calculate <� f by solving equations � � � � f� � � # � �3)
6. If D � � f� ' � ��� 4�24& � �@��� , <� f is optimal
7. Else If D � � f� � �
8. # f����� � # f E������� ; # f� � � � # � �3)
9. Else
10. # f����� � # � �3) ; # f� � � � # f E"�� � �
End

Fig. 4. Pseudo code for the off-line algorithm

It is easy to verify that the time complexity of the algorithm
is �6587"9;: � # ������ 2
# �� � � � , where 5 is the time used to solve one
equation of form � � � � � � � #<�$��� in line 5. An option to help
reduce the computation requirement for solving the equation
is through a pre-computed lookup-table, where interpolation
for approximated results may be used to reduce the size of
the table. Note that our problem can also be solved by general
convex optimization methods. However, without exploiting the
special structure of the problem, general methods need to
perform a significant amount of computation.

III. ON-LINE SCHEDULING

In this section, we describe a simple, adaptive on-line
scheduling mechanism. First, we discuss the assumptions
needed for implementing the mechanism.

It is assumed that (1) for each transmitted packet, node
�I�

knows the total time duration of the transmission; and (2)
each node

� �
is aware of the value of # �

. Assumption (1)
can be achieved by synchronizing nodes

� �
and

� �
. To justify

assumption (2), consider equation 2,
( �

is device-dependent
and can be obtained from the radio vendor, while $ �

, � ,
� �

,
and

���
are system-aware parameters.

The on-line scheduling mechanism works as follows. The
initial value of

� �
is set to the highest level for each node.

Before the packet is transmitted over a hop, the sender of the
hop, say

� �
, calculates and attaches the value of # �

onto the
packet. Node

� �
is responsible for extracting the information

of # �
for all nodes after receiving the packet. After each

user-specified time window, node
�"�

checks if the average
transmission latency in the last time window is relatively small
compared with the latency constraint, � , – for example, the
latency is small if it is less than 95% of � . If yes,

�I�
sends

a feedback packet to
���

by reversely traversing the path. The
feedback packet contains three fields: ;>=@?BA�C ; - the index of the
critical node, # �;D � � - the second largest value of # �

, and E -
the difference between � and the average transmission latency
in the last time window. The value of

� �
of all nodes are fixed

during each time window. Upon the reception of a feedback
packet, each node,

� �
, checks if it is the node indicated by the
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;>= ? A�C ; field in the packet. If yes, the value of
� �

is decreased
till the corresponding value of # �

is less than # �;D � � , while
ensuring that the incurred increase in � � is no larger than E .
Recall that

� �
can only take positive integers in practice; thus,

the above procedure stops when
� �
� 4 for all nodes along

the path.
Variations in the system or environmental conditions may

cause violation of the latency constraint during packet trans-
mission. Examples of such variations include changes in data
size or latency constraint. Thus, the on-line mechanism must
be capable of adapting the modulation settings when latency
violation is detected. One method is that upon the reception
of a feedback packet with a negative value of E , each node,� �

, restores the value of
� �

to the highest level. However, this
method may lead to unnecessarily high energy dissipation, if
the variation in data size or latency constraint is not dramatical.
Thus, a more efficient method is to restore the value of

� �
to

� .10��� , where � ' � � ��4 � is a user-specified parameter and
controls the speed for increasing

� �
. Note that other methods

are possible to further explore the tradeoff between the energy
conservation and the quickness of the system response.

IV. EXPERIMENTAL RESULTS

A simulator for evaluating the scheduling mechanisms de-
scribed in this paper was developed using the PARSEC [17]
software, which is a discrete-event simulation language. The
simulations were conducted in two steps, for evaluating the
off-line and on-line mechanisms, respectively.

A. Off-line Performance

Experimental Setup: The size of the packet, � , was set to
400 bits. The length of the path, � 2 4 , was selected from the
set

= 	 ��4�� � -/�`B . For each value of � , a set of experiments were
conducted with parameters , �

,
(*�

, and
� �

modeled as random
variables with uniform distribution between � 4�� � 
 - � 4�� E	� ,
�%-
� � 
 - � 4 � E�� , and �@4�� � 
 	 � 4���
 , respectively. The above
numbers are based on the data presented in [16]. The range
of

� �
was set to [2, 12]. The value of & was set to 0.05.

For each packet transmission, the shortest time to complete
can be calculated as if the modulation settings of all the nodes
are set to the highest levels. Let � be the ratio of the shortest
transmission time over the end-to-end latency constraint. Ratio
� indicates the stringency of the latency constraint and hence,
the space for conserving energy at the cost of increased
latency. In our experiments, the value of � was varied from 0
to 1 with an increment of 0.05. Intuitively, when � is set to
one, zero percent of energy conservation can be achieved. On
the other hand, when � is zero, no energy is dissipated for the
transmission since the time duration can be infinity.
Energy Conservation vs. � : The results of the energy conser-
vation achieved by using our off-line algorithm with different
settings of � is shown in Figure 5. Due to the space limitation,
only the result for � 2 4 � 4 � is shown. However, very
similar results were observed for cases when � 2 4 � 	

or
20. Let #�� ��� denote the maximal energy dissipation over all
nodes without using modulation scaling, (i.e., every node sends
data using the highest speed). The energy conservation is then

defined as
*	� /�� E��������Y*	� /�� , where <� is the schedule obtained by

the off-line algorithm.
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Fig. 5. Energy conservation vs. �
The plotted data was averaged over more than 100 iterations

so that each data point has a 95% confidence interval with a
5% (or better) precision. The optimal curve is obtained using
our off-line algorithm when

���
can be a real number between

[2, 12], while the practical curve is obtained after performing
a ceiling function for the optimal

���
’s. A slight degradation

of performance can be observed between the practical and
optimal curve. More importantly, the plot clearly shows that
the energy conservation roughly follows a concave function of
� , which means considerable energy gain can still be achieved
when the latency constraint is stringent. For example, when
� � � 
 	 , more than 95% of the energy can be conserved. When
� � � 
 � , the practical energy conservation still reaches 70%.
The above property reveals the significance of modulation
scaling in the sense that even a small latency laxity can be
used to trade for a large amount of energy conservation.

B. On-line Behavior

Experimental Setup: To study the behavior of the on-line
mechanism with respect to variations in packet size and latency
constraint, the values of � and � were dynamically varied
during runtime. Two scenarios of variations, denoted A and B,
were investigated. The variations in environmental condition,
such as noise power, were not simulated. Nevertheless, such
variations can be incorporated into our simulator.

The settings of , �
,
( �

,
�
�

, � � , and & were the same as the
settings in Section IV-A. The number of hops was set to 10.
The size of the time window was set to 0.0008 second.
Scenario A: In scenario A, � was fixed at 400, while � was
set to 0.8, 0.6, 0.5, 0.7, and 0.8 at time 0, 0.1, 0.15, 0.3, and
0.4 second, respectively. The runtime behavior of the system is
depicted in Figure 6. The time instances of the above variations
in � are indicated by the arrows in the figure.

It can be observed from Figure 6(a) that when � is fixed,
the actual transmission latency gradually increases till close
to the latency constraint as the time advances. At time 0.3
second, � is varied from 0.5 to 0.7, which causes a violation
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Fig. 6. Runtime behavior of the system in Scenario A

of the latency constraint. Due to the feedback mechanism, the
transmission latency dramatically decreases as the modulation
settings of nodes are restored to higher levels.

In addition, it can be observed from Figure 6(b) that the
energy dissipation of critical nodes decreases till close to the
optimal value as the time advances. At time 0.3 second, the
energy dissipation dramatically increases as the modulation
settings of nodes are restored to higher levels. After that, the
energy dissipation drops again as the time advances.
Scenario B: In scenario B, the latency constraint was fixed
at 4.2E-4 second, while � was set to 400, 350, 300, 250, and
400 at time 0, 0.1, 0.15, 0.3, and 0.4 second, respectively.
The runtime behavior of the system is depicted in Figure 7.
The time instances of the above variations in � are indicated
by the arrows. An analysis similar to the one in Scenario A
can be performed based on the results shown in Figure 7. In
short, our on-line mechanism is capable of effectively adapting
the modulation levels of nodes with respect to various system
variations, such as data size and latency constraint.
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Fig. 7. Runtime behavior of the system in Scenario B

V. CONCLUDING REMARKS

This paper studied the problem of finding an energy-
efficient schedule for packet transmission over a multi-hop
communication path using modulation scaling. An off-line
approximation algorithm was first developed, followed by an
on-line mechanism. Simulation results show that the off-line
algorithm can save significant energy at the cost of increased

transmission latency without violating the latency constraint.
In addition, two runtime scenarios demonstrate the ability of
our on-line mechanism to adapt the modulation levels with
respect to various system variations.

Several extensions of the problem studied in this paper are
worth further investigating. From a protocol perspective, varia-
tions of the proposed on-line mechanism can be developed for
improved robustness and performance. From network topology
perspective, one extension is to schedule a packet over a more
general network connection, such as a spanning tree. This
models a communication pattern similar to multicast. Another
extension is to simultaneously schedule multiple packets over
an ad hoc network structure – probably using the multi-
source single-recipient paradigm as for sensor networks. In
this context, several issues need to be considered, including
contention avoidance in the network and performance tradeoff
between different packets.
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