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Abstract— It is well known that periodically putting nodes into
sleep can effectively save energy in wireless sensor networks,
at the cost of increased communication delays. However, most
existing work mainly focuses on static sleep scheduling, which
cannot guarantee the desired delay when the network conditions
change dynamically. In many applications with user-specified
end-to-end delay requirements, the duty cycle of every node
should be tuned individually at runtime based on the network
conditions to achieve the desired end-to-end delay guarantees and
energy efficiency. In this paper, we propose DutyCon, a control
theory-based dynamic duty cycle control approach. DutyCon
decomposes the end-to-end delay guarantee problem into a set
of single-hop delay guarantee problems along each data flow in
the network. We then formulate the single-hop delay guarantee
problem as a dynamic feedback control problem and design
the controller rigorously, based on feedback control theory,
for analytic assurance of control accuracy and system stability.
DutyCon also features a queuing delay adaptation scheme that
adapts the duty cycle of each node to unpredictable packet rates,
as well as a novel energy balancing approach that extends the
network lifetime by dynamically adjusting the delay requirement
allocated to each hop. Our empirical results on a hardware
testbed demonstrate that DutyCon can effectively achieve the de-
sired tradeoff between end-to-end delay and energy conservation.
Extensive simulation results also show that DutyCon outperforms
two baseline sleep scheduling protocols by having more energy
savings while meeting the end-to-end delay requirements.

I. INTRODUCTION

Many wireless sensor network (WSN) applications require

information to be transmitted to the destination in a timely

manner. For example, in military surveillance applications [1],

authorities should be notified promptly upon the detection

of intruders. On the other hand, many nodes in a WSN use

batteries as their energy source. It is therefore critical to reduce

the energy consumption of those nodes in order to achieve

a longer network lifetime. Periodically putting the radios of

WSN devices into sleep has been widely recognized as the

most effective way of saving energy in WSNs. Taking the

commonly used TelosB mote [2] as an example, the idle

listening power consumed by the radio is more than 1,000

times the power consumed when it is sleeping [3]. However,

a problem of putting radio into sleep is that it may incur

an additional communication delay, known as sleeping delay

[4], since the sender of a communication pair must wait for

the receiver to wake up and receive a packet. Therefore, it is

important to balance the tradeoff between energy savings and

the delay incured by using the periodic sleeping scheme.

Power management with node sleeping has been extensively

studied in WSNs. The existing power management schemes

can be categorized into three classes. The first class includes

various TDMA protocols, such as TRAMA [5] and DRAND

[6]. However, a node in TDMA networks has to wait for

its time slot to transmit, which is inefficient for applications

with tight and varying delay requirements. The second class

includes synchronous duty cycling protocols, such as S-MAC

[4] and T-MAC [7]. The major issue with these protocols

is that the sleep schedules of nodes need to be frequently

synchronized, which may lead to energy waste and additional

communication delays. The third class of power management

schemes consists of asynchronous channel polling protocols,

such as B-MAC [8] and X-MAC [9]. Nodes in these protocols

wake up periodically to poll the channel for activities. If

the channel is busy, they stay awake and prepare to get

data. However, nodes using the channel polling approach are

usually configured with static duty cycles, which may lead

to unpredictable delay performance when network conditions

(e.g., interference, traffic load) change dynamically.

In this paper, we propose DutyCon, a dynamic duty cycle

control scheme that provides an end-to-end communication

delay guarantee while taking advantage of periodic sleeping

to achieve energy efficiency. DutyCon is significantly different

from the existing work on delay and duty cycle management

in WSNs in three aspects. First, we control the end-to-end

delay of each data flow in a WSN to a user-specific bound

while achieving energy conservation. Second, we dynamically

adjust the duty cycle of each node individually to adapt to

the network condition changes in different areas in the WSN.

Network conditions in a WSN can vary both spatially and

temporally [10]. Third, DutyCon can also adapt to the unpre-

dictable incoming packet rate changes, which are common in

many WSN-based monitoring applications, e.g., packets can be

generated at a higher rate when an emergency event occurs.

In DutyCon, to meet the end-to-end delay requirement, we

decompose the end-to-end delay control problem into a set

of single-hop delay control subproblems by assigning a local

delay requirement to each single hop along a communication

flow. A delay model is established to characterize the rela-

tionship between the single-hop delay and the sleep interval

of the receiver’s sleep schedule. To solve the single-hop delay

control problem, we design a feedback controller based on the

well-established feedback control theory [11]. The advantage

of having control theory as a theoretical foundation is that

we can utilize standard approaches to choosing the right

control parameters so that exhaustive iterations of tuning and

testing are avoided. In addition, control theory provides us

analytical assurance of delay control accuracy and system

stability. This rigorous design methodology is in sharp contrast

to heuristic-based adaptive solutions that rely on extensive

empirical evaluation and manual tuning. When assigning the
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single-hop delay requirement to each hop, DutyCon considers

energy balancing on different nodes along an end-to-end flow.

DutyCon also features a queuing delay adaptation strategy to

dynamically change the duty cycle and coordinate with the

feedback control approach to adapt to the unpredictable packet

rate. We validate and evaluate the design of DutyCon both on

a real hardware testbed and in the NS-2 simulator. Specifically,

the contributions of this paper are four-fold.

• We propose DutyCon, a new approach to meeting end-to-

end delay requirements in a WSN. In DutyCon, the end-

to-end delay guarantee problem is decomposed into a set

of single-hop delay guarantee problems along each data

flow. We then formulate the single-hop delay guarantee

problem as a feedback control problem.

• Based on the single-hop delay model, we design a delay

controller, based on well-established feedback control

theory, to control each single-hop delay in a distributed

manner by dynamically changing the sleep interval in

each receiver’s sleep schedule.

• We design a strategy to adapt the sleep interval of each

node to the queuing delay incurred by the unpredictable

incoming packet rate. We also propose an energy bal-

ancing scheme that balances the energy consumptions

of nodes at different portions of each end-to-end com-

munication flow when assigning the single-hop delay

requirement to each hop.

• We evaluate DutyCon both on a real hardware testbed

composed of Tmote Sky motes and in the NS-2 simulator,

and compare DutyCon with two baselines, STS and DTS,

recently proposed in [12].

The remainder of this paper is organized as follows. Sec-

tion II highlights the distinction of our work by discussing

the related work. Section III introduces the formulations of

our end-to-end delay and single-hop delay control problems.

Section IV presents the controller design for the single-hop

delay control problem. Section V elaborates on the design

of the queuing delay adaptation strategy. In Section VI, we

propose two assignment schemes for the single-hop delay

requirement. In Section VII, we evaluate DutyCon using both

testbed experiments and simulations. Section VIII concludes

the paper.

II. RELATED WORK

Several protocols have been proposed to provide delay

guarantees for wireless sensor and ad hoc networks. Implicit

EDF [13] is a collision-free scheduling scheme which provides

delay guarantees by exploiting the periodicity of WSN traffic.

RAP [14] uses a velocity monotonic scheduling scheme to

prioritize real-time traffic based on a packet’s deadline and

its distance to the destination. SPEED [15] achieves end-to-

end communication delay guarantees by enforcing a uniform

communication speed throughout the network. Karenos et al.

[16] have also presented a flow-based traffic management

mechanism to provide delay guarantees. Our work is different

from the aforementioned research. By dynamically manipulat-

ing the sleep interval, we provide delay guarantees for end-

to-end communications, while the delay incurred by sleeping

nodes is not considered in the aforementioned protocols.

Periodic sleeping is a widely adopted approach to saving

energy for WSNs. The existing periodic sleeping approaches

can be categorized into two classes: static sleep scheduling

and dynamic sleep scheduling. In the static sleeping approach

category, S-MAC [4] proposes a synchronous periodic sleeping

MAC with fixed duty cycles for energy savings. D-MAC [17]

is developed especially for a tree topology network. It aims

to reduce sleep latency while decreasing energy consumption.

Several other static sleep scheduling protocols (e.g., [18][19])

are also proposed. However, none of the above studies provides

delay guarantees when utilizing periodic sleeping to save en-

ergy. A static sleep scheduling approach with delay guarantee

has been recently proposed [20]. However, it cannot adapt to

network condition changes such as interference incurred by

additional workload at runtime. The second class of periodic

sleeping schemes is dynamic sleeping scheduling. In those ap-

proaches, nodes are allowed to have different sleep schedules

and change their schedules dynamically at runtime. Min et al.

[21] propose to choose different nodes to go to sleep at differ-

ent time based on the Analytic Hierarchy Process (AHP). Ning

et al. [22] propose to use the dynamic programing approach to

control sleep time of nodes for energy minimization. Different

from the existing dynamic sleep scheduling approaches, our

work dynamically adjusts the sleep interval of each node based

on the delay constraint and the network condition changes.

The control-theoretic approach has been applied to various

computing and networking systems. A survey of feedback

performance control for software services is presented in [23].

However, only a few recent studies in wireless sensor networks

start to utilize feedback control theory to provide performance

guarantees. ATPC [24] employs a feedback-based transmission

power control algorithm to dynamically maintain individual

link quality over time in WSNs. Merlin et al. [25] propose to

control the duty cycle of each node for the desired throughput

in a WSN. A control-theoretical approach is also designed

in [26] to achieve the maximum network throughput in multi-

channel WSN. To our best knowledge, this work is the first one

that takes advantage of feedback control theory to dynamically

control the sleep interval of every individual node for end-to-

end delay guarantees in WSNs.

III. PROBLEM FORMULATION

In this section, we introduce the formulation of our problem.

We assume that the network is composed of m sources, some

relay nodes and multiple sinks. A data flow in the network

includes a source to generate data packets based on a certain

distribution, multiple nodes to relay the packets hop by hop,

and a corresponding sink node. There are m flows in the

network, each of which is generated by one of the m sources.

All flows are assumed to be disjoint with each other because

disjoint flows are widely used in multi-path routing to enhance

the system’s fault-tolerance [27][28]. However, our approach

can be easily extended to the case where multiple flows share

the same nodes by allowing the shared nodes to wake up at

all the wake-up time instants decided by different flows.

We assume that nodes operate in a periodic sleep schedule

where each sleep period consists of a sleep interval and a

wake-up interval. The sleep interval is the time duration when
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the node’s radio is off in each sleep period. The wake-up

interval is the time duration that a node has its radio on to

transmit packet. Our primary goal is to design a dynamic duty

cycle control policy to dynamically tune the sleep interval of

each node so that the communication on each data flow can

achieve an end-to-end delay guarantee while taking advantage

of periodic sleeping to save energy. We first introduce the

following notation:

• G = (E, V ), a WSN where V is the node set and E is

the communication link set of the network.

• f(u0, un), a node set which forms a single data flow with

source u0 and destination un. The node index in a flow is

enumerated from 0 to n in the hop sequence. Specifically,

f(u0, un)={ui|(ui−1, ui) ∈ E, 1 ≤ i ≤ n}.

• F , the set of all m flows. Specifically, F = {fj|∀j : 1 ≤
j ≤ m}

• di, the single-hop communication delay on link

(ui−1, ui), which is formally defined in Section IV.

• D
fj

ref , the end-to-end delay requirement of flow fj .

• ci, the time length of the sleep interval in one sleep period

of node ui.

Our goal is to control the end-to-end communication delay

according to a given end-to-end delay requirement for each

data flow. We formulate this problem as follows:

min
∀fj∈F

∣

∣

∣

∣

∣

∣

∑

ui∈fj

di − D
fj

ref

∣

∣

∣

∣

∣

∣

(1)

However, to solve the problem defined above, one must

know the global information of a flow in the WSN, such

as the communication delay of each hop. This is inefficient,

especially when flows have high hop counts. As our goal is

to achieve the end-to-end delay control, we decompose our

end-to-end delay control problem into a set of single-hop

delay control subproblems. By achieving the single-hop delay

control goal, we can control the multi-hop end-to-end delay.

Specifically, for each flow fj , our objective is:

min
∀ui∈fj

∣

∣di − Di
ref

∣

∣ (2)

subject to the constraints
∑

ui∈fj

Di
ref = D

fj

ref (3)

di ≥ Dmin (4)

ci ≥ 0 (5)

where Di
ref is the single-hop delay requirement for link

(ui−1, ui) and Dmin is the minimum transmission time for a

packet to be successfully received by the receiver. Constraint

(3) enforces the single-hop delay requirement based on the

end-to-end delay requirement. Constraint (4) means that the

single-hop transmission delay has a lower bound, which is

decided by the transmission rate of the radio and the packet

size. Constraint (5) enforces that sleep interval of any node

must be non-negative.

IV. SINGLE-HOP DELAY CONTROL

In this section, we first present a single-hop delay model.

Our model characterizes the expected one-hop communication

delay by taking into account several realistic factors, such as

network conditions and retransmission delays due to lossy

links. Based on the model, we introduce the design of the

single-hop delay controller.

A. Single-hop Delay Model

We assume that after packets are received by a node, they

are immediately ready for being transmitted to the next hop

without a queuing delay. This assumption is relaxed in Section

V. The sender is assumed to know the sleep schedule of

receiver. We will discuss in Section IV-D how this can be

achieved. We also assume that the sender will try to send the

packet only once every time the receiver wakes up. If the

packet is not successfully received by the receiver during the

wake-up time of the current sleep period, the sender will go to

sleep and try to send the packet at the receiver’s wake-up time

in the next period. This prevents a sender from keeping using

the channel for a long time, so that other nodes cannot get the

channel during their wake-up times, especially when the link

quality is low. Thus, the time delay, d(k), for the kth packet

to transmit from the sender to the receiver can be modeled as:

d(k) =
c(k − 1) + tdata

PRR(k)
(6)

where c(k − 1) is the sleep interval to be used at the receiver

after the (k − 1)th packet is received. PRR(k) is the average

packet reception ratio estimated when the kth packet is ready

for transmission. It is a metric widely used to quantify the

quality of links [29]. tdata is the time needed to transmit one

packet after getting the channel, which includes processing

time and the time to transmit the packet on radio. It can

be approximated as a constant because the packet size and

transmission rate usually do not change and it is significantly

smaller than the sleep period. Since we do not use CSMA,

tdata does not include a backoff time. Contention interference

is captured in PRR(k).
Figure 1 illustrates the single-hop delay model in Equation

(6). The total single-hop delay is the number of transmissions

it takes to successfully transmit the packet multiplied by the

time needed for each sleep period, which is the summation of

the sleep interval and the wake-up time to transmit a packet.

In the case that the packets arrive aperiodically, we can simply

add a time difference quantity to Equation (6), which is defined

as the time difference between the packet arrival time and the

closest wake up time of the sender.

We assume that the average network condition of a link does

not change frequently, compared with the wake-up frequency

of the node on that link. In this case, PRR remains constant

between the arrivals of two back-to-back packets. We assume

that the PRR values of the links in our network are higher

than a threshold in order to reach the communication link

requirement [29]. Zhao et al. [30] show that the PRR value

is temporally stable when it is relatively high. Therefore,

we simplify the PRR value to be a constant during the

transmission of two consecutive packets. Using Equation (6),
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Fig. 1. Single-hop delay is the time length of total sleep periods used to
successfully transmit a packet.

we can derive the dynamic model of our single-hop commu-

nication delay as a difference equation in Equation (7), where

∆c(k) = c(k + 1) − c(k).

d(k + 1) = d(k) +
∆c(k)

PRR
(7)

In the above model, PRR is the estimated average success

rate of the packet transmission on a single link. In different

areas of the network, we may have different values of PRR
due to network condition variations. In order to capture the

uncertainty of the network condition, we add an uncertainty

ratio to our model as:

d(k + 1) = d(k) + g
∆c(k)

PRR
(8)

where g represents the ratio between the estimation of PRR
and the actual PRR under the current network condition due

to the uncertainty of the network environment. Note that

the exact value of g is unknown at design time due to the

unpredictable network condition. We explain how we handle

this uncertainty in the next subsections.

B. Feedback Controller Design

The core of any feedback control loop is the controller.

In each control period, the controller monitors and controls

a controlled variable by adjusting a system parameter, called

manipulated variable, in order to meet a system requirement,

usually called performance reference. In our problem, we try

to control the single-hop delay of each packet to meet the delay

requirement by dynamically adjusting the receiver’s sleep

interval. Therefore, the controlled variable in our problem is

the single-hop communication delay of the next packet. The

manipulated variable is the sleep interval time that the receiver

sets for the next packet and the performance reference is the

single-hop delay requirement, denoted as Dref .

Note that the model in Equation (8) cannot be directly used

to design the controller because the g is used to model the

uncertainties in the network conditions and thus, is unknown

at design time. Therefore, we design the controller based on

an approximate system model, which is model (8) with g = 1.

In a real network where the packet reception ratio is different

from the estimation, the actual value of g may be different than

1. As a result, the closed-loop system may behave differently.

However, in next subsection, we show that a single-hop delay

controlled by the controller designed with g = 1 can remain

stable as long as the variation of g is within a certain range.

This range is established using a stability analysis of the

closed-loop system by considering model variations.

Following standard control theory [11], we design a Pro-

portional (P) controller to achieve the desired control perfor-

mance, such as stability. We can derive the receiver’s desired

sleep interval for the kth packet as shown in Equation 9.

c(k) = (Dref − d(k)) × PRR + c(k − 1) (9)

It is easy to prove that the controlled system is stable and has

zero steady state errors when g = 1. The detailed proofs and

design procedures can be found in a standard control textbook

[11] and are skipped due to space limitations. As shown in

Equation 9, the computational overhead of the P controller is

just two additions/subtractions and one multiplication and is

thus small enough to be implemented in a real sensor mote.

C. Stability Analysis for PRR Variation

In this section, we analyze the system stability when the

designed P controller is used in an area where g 6= 1. A

fundamental advantage of the control-theoretic approach is

that it provides confidence for system stability, even when the

packet reception ratio deviates from the estimation.

The closed-loop transfer function for the real-system is:

G(z) =
g

z − (1 − g)
(10)

The closed-loop system pole in Equation (10) is 1 − g. In

order for the controller to be stable, the pole must be within

the unit circle. Hence, the system will remain stable as long

as 0 < g < 2. The result means that despite every link may

have a different g, in order to achieve stability, the estimated

PRR of a link should be less than twice its actual PRR.

In WSN applications, we usually have a lower threshold of

PRR, which is the lowest PRR that can provide an acceptable

communication quality [29]. If the actual PRR of a link is

less than the threshold, we simply cannot use this link for

communication. As our goal is to dynamically control the

sleep interval to achieve the delay guarantee, we assume that

the links in the control problem are communication links.

Thus, with a lower threshold of PRR, we can have the

stability guarantee. For example, if the threshold of PRR is

0.5 which indicates that a packet is retransmitted twice on

average before it is successfully received, we can use any

estimated PRR value in the controller for stability, since

the estimated PRR is always less than 1. Detailed empirical

studies on link quality and PRR can be found in [29].

D. Implementation

A periodic sleeping scheme requires the sender to be aware

of the receiver’s sleep schedule, so that the sender can also

wake up to transmit packet when the receiver wakes up. This

means that the information of the sleep interval change of

the receiver needs to be shared by the sender. Therefore,

we implement the controller on the receiver side and take

advantage of the ACK packet to feed the updated sleep interval

back to the sender side.

On the sender side, the sender first timestamps the packet

when the packet is received (or generated if the sender is

source). Then the sender will add the transmission times of

the current packet in the packet header. This information

is updated every time the packet is being transmitted (or
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retransmitted). Upon successfully receiving the packet, the

receiver calculates the time delay based on the time stamp

on the sender side and runs the controller to compute the

new sleep interval for the receiver’s sleep scheduling, starting

from the next packet. The receiver then inserts the newly

updated sleep interval value in the ACK packet and sends

the ACK back to the sender. The sender updates the re-

ceiver’s sleep scheduling information on its own side for

future transmissions. To handle the loss of ACK packets, we

further adopt a localized synchronization scheme. Whenever

the sleep schedule is successfully updated at both the sender

and receiver through an ACK, we set up a timer with an

interval several times longer than the duty cycle. If the sleep

schedule is not updated during this interval, the sender and

receiver wake up themselves and synchronize their schedules.

V. QUEUING DELAY ADAPTATION

In the last section, we assume that the incoming packet rate

on the sender side is low, such that the packet is immediately

available for transmission without a queuing delay. However,

the packet receiving time (or generating time) at the sender is

usually aperiodic and unpredictable, especially in event-driven

WSN applications. If the packet generation rate is high in

such applications, the transmission of the packet may suffer

additional time latency because of the queuing delay at the

sender. With the queuing delay, the model of our transmission

delay in Equation (6) is subject to changes. In this section, we

consider the queuing delay caused by the unpredictable packet

rate when adjusting the sleep interval for the next packet.

A. Impact of Queuing Delay

As introduced previously, when the incoming packet rate

is high, the packet may suffer additional delay from queuing

on the sender side because of the busy MAC layer. Therefore,

we need to consider the queuing delay in our single-hop delay

model. The model from Equation (6) is changed as follows

D(k) = tq(k) +
c(k − 1) + tdata

PRR(k)
(11)

where tq(k) is the queuing delay of the kth packet at the sender

and D(k) is the total delay when the queuing delay is counted.

Compared with the queuing delay, the delay incurred by the

upper layer for computation purpose is small and negligible.

Therefore, the queuing delay can be calculated as the time

difference between the moment the packet is received and the

moment the packet is ready to be sent in the MAC layer. In

essence, the queuing delay of the jth packet in the queue is the

time needed to transmit all the packets that are ahead of packet

j in the queue. With the assumption we made in Section IV-

A that the network condition does not change frequently, the

queuing delay for the jth packet in the queue can be calculated

as:

tq(j) =

j−1
∑

n=1

d(n) =

j−1
∑

n=1

c(n − 1) + tdata

PRR
(12)

From Equation (12), we know that the queuing delay of the

jth packet in the queue depends highly on the delay of all the

packets ahead of it in the queue. The goal of our design is to

choose a sleep interval at the receiver such that the single-hop

delay for the next packet is controlled to the reference Dref .

Therefore, when calculating the sleep interval at the receiver

for the next packet, we need to consider its impact on the

queuing delays of all the packets in the queue on the sender

side.

Suppose that the new sleep interval c(k) will be used until

the queue on the sender side empties. We can calculate the

queuing delay of any packet (k +n) (the nth packet currently

in the queue) as:

tq(k + n) =
n(c(k) + tdata)

PRR
∀n : 1 ≤ n ≤ j (13)

In order to achieve energy efficiency, we need to choose

a maximum sleep interval c(k) under the constraint that the

new sleep interval will not cause any packet in the queue to

violate the delay requirement. We denote the slack time left

for the (k + n)th packet until it expires, based on the single-

hop reference Dref , as Tslack(k +n). The formulation of this

sleep interval calculation is as follows:

max c(k) (14)

subject to the constraint:

Tslack(k + n) ≥tq(k + n) + d(k + n)

∀n : 1 ≤ n ≤ j
(15)

where j is the total packet number in the queue after the kth

packet.

B. Implementation and Coordination with Single-Hop Delay

Controller

We now discuss the details of the implementation for the

sleep interval calculation when we need to adapt to the queuing

delay. Similar to the single-hop delay controller designed in

Section IV, we implement the new sleep interval computation

on the receiver side. The difference is that the sender will first

compute a minimal nominal sleep interval only based on the

slack time of each packet in the queue, without considering

the network condition. The nominal sleep interval is added

to the first packet in the queue, which is the next packet to

be transmitted. Upon receiving the packet, the receiver will

calculate the real desired sleep interval for the next packet,

based on the current network conditions. After the calculation

of the new sleep interval, the receiver uses the ACK packet to

feed the sleep interval change back to the sender.

Since we have two approaches that both dynamically adjust

the sleep interval at the receiver: feedback delay control and

queuing delay adaptation, a coordination scheme must be

designed in order to avoid any conflicts. In our design, we

use queuing delay adaptation when the queue at the sender

is not empty. The reason is that the delay controller controls

the delay of every packet. If we use the delay controller to

perform feedback control for every packet when there are

packets waiting in the queue, the packets in the queue after

the current packet are likely to miss their delay requirements.

This is because that the delay controller does not consider the

queuing delay incurred by the unpredictable incoming packet

rate. If there is no packet in the queue when the current packet
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is sent at the sender, we then use the delay controller to

perform the packet-level delay control.

VI. SINGLE-HOP DELAY REQUIREMENT IN END-TO-END

DELAY GUARANTEE

In the previous sections, we have introduced how to control

the single-hop delay based on feedback control and queuing

delay adaptation. As our final goal is to control the end-to-

end delay of a flow f based on the requirement Df
ref , in

this section, we introduce how to set the single-hop delay

requirement Di
ref , which is the function of Constraint (3) in

Section III. As long as each hop can meet its single-hop delay

requirement, the desired end-to-end delay is guaranteed.

A. Worst-case Assignment

The first assignment scheme for the single-hop delay re-

quirement is to use the worst-case analysis approach from

[27]. Specifically, we perform the assignment for the single-

hop delay requirement by calculating the worst-case PRR
of each hop and assign the single-hop delay requirement

proportionally. The worst-case PRR calculation is explained

in detail in [27]. After obtaining the worst-case PRR for each

link along the flow, we break the end-to-end delay requirement

into a single-hop delay requirement on each hop as:

Di
ref =

1/PRRw
i

∑

ui∈f(1/PRRw
i )

× Df
ref (16)

where PRRw
i is the worst-case PRR for link (ui−1, ui) on

flow f .

The worst-case assignment considers the worst-case sce-

nario in the network such that a hop with a worse PRRw

is assigned a longer single-hop delay requirement. Those

nodes with shorter single-hop delay requirements will wake

up more often than those with longer delay requirements.

This is a pessimistic and static assignment, because the worst-

case scenario does not happen frequently in real networks. By

assigning an unnecessarily longer delay requirement to the

worse links in the worst-case scenario, the nodes in the data

flow may have unbalanced energy consumption.

B. Assignment for Energy Balancing

In this section, we introduce the second assignment scheme

to determine the single-hop delay requirements. We propose

to periodically update the delay requirement at each hop in the

flow. During the transmission of the packet, each node adds

the actual average packet reception ratio information of its

own receiving link into the packet. The sink will periodically

calculate the desired single-hop delay requirement based on

the average packet reception ratio at each hop. The sink then

sends out the updated delay assignment after each calculation.

All the nodes update their single-hop delay requirement in-

formation upon receiving this requirement assignment packet.

Since the delay requirements are periodically updated based

on the current network conditions, each hop can have a fair

delay requirement, such that the duty cycle of each receiving

node is tuned to be approximately the same, thus leading to the

energy consumption balancing. This procedure incurs a small

overhead, as the calculation is performed periodically. The

period can be set to relatively long if the network condition

does not change dramatically.

VII. PERFORMANCE EVALUATION

In this section, we evaluate our dynamic duty cycle con-

trol (DutyCon) scheme based on the experiments both on a

hardware testbed and in the NS-2 simulator.

A. Testbed Results

We now present the results from two sets of experiments

conducted on real hardware testbeds. In the first experiment,

we validate the single-hop controller. The second experiment

evaluates the end-to-end delay control with local interference

on a single multi-hop flow.

In the first experiment, we set the delay reference of the

single-hop transmission to three different values during three

different periods, which are 1s, 2s and 1.5s, respectively. The

results are shown in Figure 2. We can see that the single-hop

delay is approximately controlled to all the different reference

times in different periods.

We now test DutyCon in a scenario of end-to-end commu-

nications. The testbed we use consists of 7 Tmote Sky motes,

five of which construct a 4-hop end-to-end communication

flow. The remaining two motes form a single communication

link, periodically transmitting packets and introducing inter-

ference to the 4-hop flow. The distance between each two

adjacent motes in the 4-hop flow is 5m. The interference link

is placed 5m apart from the center node of the flow. The source

of the 4-hop end-to-end flow sends out packets, following the

uniform distribution at a rate of averagely 1 packet every 3

seconds. The interference link transmits packets at the rate of

1 packet per second. 200 packets are sent by the source in

each run of the experiments. We configure the transmitting

power of the interference node to be small, so that they will

only interfere with the center node of the end-to-end flow.

We evaluate the end-to-end delay control performance of

DutyCon on the single flow with different end-to-end delay

requirements. We also compare DutyCon with a Uniform Fixed

Duty Cycle baseline. In this baseline, we set the same fixed

duty cycle for every node. The duty cycle we use is the

highest duty cycle among all the links from the experiment

using DutyCon scheme. The reason we choose this duty cycle

is that the local interference is usually unknown a priori.

With fixed duty cycle, we want to prepare for the worst-case

scenario. Therefore, we use the highest possible duty cycle.

From the results in Figure 3, we can see that DutyCon can

control the average end-to-end delay very close to the delay

requirement at all different values. However, using the worst-

case duty cycle leads to unnecessarily low end-to-end delays

in the Uniform Fixed Duty Cycle scheme. Figure 4 shows

the average duty cycle of all motes in the end-to-end flow

except the source node. We can see that the Uniform Fixed

Duty Cycle scheme has much higher duty cycles (and thus

more energy consumption) than DutyCon at all different delay

requirements. The reason is that the baseline statically set the

duty cycles of all links to the same worst-case value, which

leads to an unnecessary energy waste.

B. Baselines and Simulation Settings

In the following sections, we present the simulation results

in the NS-2 simulator. In order to show the efficiency of our
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different end-to-end delay requirements.

design, we compare DutyCon with two recently published

baselines: Static Traffic Shaper (STS) and Dynamic Traffic

Shaper (DTS) [12]. Both STS and DTS use traffic shaper

to regulate the packet transmitting time at every node such

that the end-to-end communication delay can be regulated.

The reason we choose these baselines is that STS tries to

control the end-to-end communication delay by regulating

traffic and DTS tries to regulate packets mainly based on

the packet rate, which makes them comparable to DutyCon.

Note that it has been demonstrated in [12] that STS and DTS

outperform SYNC [4], which features a fixed duty cycle and

PSM [31], which adapts a node’s duty cycle in response to

the network load observed at the MAC layer. Therefore, by

outperforming STS and DTS, DutyCon also outperforms the

baseline protocols used by them.

The difference between STS and DTS is that STS enforces

a static traffic shaping algorithm according to an end-to-end

delay requirement and source data rate, while DTS dynami-

cally shapes the traffic only based on the source data rate. STS

decomposes the end-to-end delay requirement and assigns the

same delay requirement to each single hop. It also assigns a

level to each node based on the distance from the destination.

It then regulates the sending time at each node based on the

local delay requirements, the node level, and source packet

rate. Different from STS, DTS does not enforce the end-to-

end delay requirement. It always sets the next packet sending

time as the current packet sending time plus the inter-packet

time at the source.

Every flow in the following experiments consists of 5 nodes

with 100m distance between each hop in a single flow. Flows

are randomly deployed in the topology, where each flow has

intersection with some other flows. The source of each flow

generates packets in a uniform distribution. The average packet

rate is one packet every 3 seconds.

C. Different Delay Requirements

In this set of experiments, we use 3 end-to-end communi-

cation flows. We want to test the average end-to-end delays

of DutyCon and baselines under different end-to-end delay

requirements. Because only the baseline STS enforces an end-

to-end delay requirement, we compare the performance of our

protocol only to STS.

Figure 5 shows the average end-to-end delay performance

under different delay requirements. We can see that when

the delay requirement is loose (from 3s to 6s), DutyCon

can control the average end-to-end delay very close to the

desired value. The baseline STS does not have effective

control of the average end-to-end delay . When the end-to-end

delay requirement is tight (1s and 2s), the average end-to-end

delays of both DutyCon and STS are longer than the delay

requirement. However, DutyCon performs better than STS in

these two cases.

The reason for this result is when the end-to-end delay

requirement is loose, DutyCon controls the average delay of

each hop to converge to the single-hop delay requirement, such

that the average end-to-end delay can be controlled. When

the desired end-to-end delay is tight, the delay requirements

of each single-hop are too tight such that the controllers of

some hops become saturated. When saturation happens, nodes

cannot wake up more often. This is because the minimum

sleep period of each hop is bounded by the minimum one-

hop transmission delay. The saturation of the controller leads

to undesired long end-to-end delay. The baseline STS stat-

ically estimates the sending time of each packet, based on

the source packet rate and the single-hop delay requirement.

The randomness of packet generation leads to the inaccurate

estimation of the sending time at each hop. Therefore, the

end-to-end delay is not well controlled to the desired value.

Moreover, for tight end-to-end delay requirements, STS cannot

give a good end-to-end delay guarantee. This is because all the

nodes of the same level in STS wake up at the same time and

try to send packet, which leads to a higher interference degree

in the network.

Figure 6 is the result of the average duty cycle under

different end-to-end delay requirements. When the desired

delay is tight (1s and 2s), the wakeup time of DutyCon is

only half of that of STS. This is because with a tight single-

hop delay requirement, the estimation of the sending time by

STS is always earlier than the actual packet ready time at the

sender, resulting in a long wakeup time on the receiver side.

When the delay requirement is 4s and 5s, STS has less duty

cycle than DutyCon. However, the two corresponding points

in Figure 5 show a longer delay than the requirements. When

the delay requirement is 6s, STS stays awake for a longer time

than DutyCon, which leads to a shorter end-to-end delay in

Figure 5. The results indicate that when the delay requirements

is loose, STS can violate the end-to-end delay requirement;

while in other time it consumes unnecessarily high energy for

an unnecessarily short delay. Different from STS, DutyCon

achieves a good trade off between energy and end-to-end delay

by controlling the delay close to the requirement.

D. Different Flow Numbers

In this section, we evaluate the performance of DutyCon and

the two baseline protocols by varying the number of flows in
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the network. With more flows, there will be additional inter-

ference in the network. The end-to-end delay requirement of

each flow is set to 4 seconds.

Figure 7 shows the average end-to-end delay performance.

DutyCon can always control the average end-to-end delay

close to the requirements. The delay of STS is always higher

than the requirement, especially when there are more flows

in the network. This is because when the number of flows

increases, the number of nodes at the same level increases,

leading to a higher degree of interference when they wake up

together and try to send packets. DTS has a shorter delay only

when the flow number is 2. When the flow number is more

than 2, DTS shows a significantly higher delay when compared

with DutyCon and STS. The reason is that DTS always

estimates the next packet sending time as the previous packet

time plus the packet interval at the source. This inaccurate

estimation causes the packets to be stacked in the queue, such

that all the packets suffer significant queuing delays. Among

these three schemes, DutyCon shows the best end-to-end delay

as it utilizes the feedback control scheme to dynamically adapt

to network environment changes. Furthermore, it features the

queuing delay adaptation scheme to adapt the duty cycle to the

queuing delay, especially when the number of flow is large.

More flows incur more interference in the network, which

causes more packets stacked in the queue. However, with the

queuing delay adaptation scheme, DutyCon can handle this

problem significantly better than the two baselines.

Figure 8 shows the average duty cycles of the three pro-

tocols with different numbers of flows in the network. DTS

has a lower duty cycle in all the situations. This is because the

estimation of the next packet sending time is always later than

the packet ready time in most cases. Most packets are stacked

in the queue, so that when the receiver wakes up, there is

always a packet ready for sending at the sender. This leads to

a short wakeup time at the receiver. STS shows a higher duty

cycle when there are more flows in the network. The higher

degree of interference caused by additional flows leads to the

longer waking up time in STS. DutyCon has a moderate duty

cycle compared with the two baselines.

E. Benefit of Energy Balancing

In this section, we evaluate the network lifetime and energy

balancing on each node under three single-hop delay assign-

ment schemes. The first one is Worst-case Assignment, which

estimates the worst-case PRR, as introduced in Section VI.

The second one is the Energy Balancing scheme proposed in

Section VI. In this scheme, we apply the energy consumption

balancing scheme to update the delay requirements of each

hop periodically, at a rate of every 500 seconds. The third

one is called Even Assignment, where we assign the delay

requirements evenly to each hop of the flow.

Eleven nodes are used to construct a 10-hop single flow in

this experiment. Two additional pairs of nodes, forming two

single-hop communication links, are placed close to node 5

to introduce interferences to the single flow. The interference

signal can be received by nodes 4, 5, and 6. The average packet

interval at the source of the end-to-end flow is set to 5 seconds

and the packet interval at the interference pairs is set to 1

second. We repeat this end-to-end transmission experiment

with different end-to-end delay requirements. The experiment

runs until one of the nodes in the flow exhausts all of its

initial energy. The entire simulation time of each experiment

is considered as the life time of the single-flow network.

Figure 9 shows the average network lifetime under each

scheme. The values are normalized to the longest lifetime of

all the three schemes. The experiment is conducted repeat-

edly with different delay requirements. The Energy Balanc-

ing scheme always has the longest network lifetime for all

the different delay requirements. When the end-to-end delay

requirement is 3 seconds, the Worst-case Assignment only
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achieves an 80% lifetime, normalized to the lifetime of the

Energy Balancing scheme. The results demonstrate that the

single-hop delay assignment scheme is critical to the lifetime

of the network when employing DutyCon.

We then examine the distribution of the remaining energy

among all the nodes. In this experiment, the total number of

packets that the end-to-end flow needs to transmit is fixed.

Figure 10 shows the remaining energy of each node in the

single flow after the completion of all the transmissions. When

using Even Assignment, the remaining energy of nodes 4, 5,

and 6 is significantly lower than that of the other nodes. This

is because the Even Assignment scheme does not consider the

different network conditions in different areas of the network.

With the same single-hop delay requirement, the interference

around nodes 4, 5, and 6 makes the three nodes wake up

more often, leading to additional energy consumption. There

is a 15% difference in the remaining energy between the

most and the least remaining energy from all the nodes. The

second scheme, Worst-case Assignment, tends to pessimisti-

cally assign an unnecessarily long delay requirement to the

the hops that are estimated offline to have more interference.

Therefore, nodes 4, 5, 6, and 7 have a lower duty cycle than all

other nodes, which leads to their lower energy consumption.

The difference between the most and least remaining energy

under Worst-case Assignment is approximately 25% in this

experiment. The Energy Balancing scheme has the best energy

balancing by periodically updating the delay requirements for

each hop, based on the current network conditions. As a result,

the difference between the most and least remaining energy is

only approximately 8% under Energy Balancing.

VIII. CONCLUSION

In many WSN applications with user-specified delay re-

quirements, the duty cycle of every node should be individ-

ually tuned dynamically based on the network conditions to

achieve the desired end-to-end delay guarantees. In this paper,

we have proposed DutyCon, a dynamic duty cycle control

approach that decomposes the end-to-end delay guarantee

problem into a set of single-hop delay guarantee problems

along each data flow in the network. We then formulate the

single-hop delay guarantee problem as a dynamic feedback

control problem. DutyCon is designed rigorously based on

well-established feedback control theory for analytic assurance

of delay control accuracy and system stability. DutyCon also

features a queuing delay adaptation scheme that adapts the

node duty cycle to unpredictable packet rates, as well as a

novel energy balancing approach that extends the network

lifetime by dynamically adjusting the delay requirements al-

located to each hop in a data flow. Both empirical results on

a hardware testbed and extensive simulations demonstrate that

DutyCon can effectively achieve the desired tradeoff between

end-to-end delay and energy conservation. Our simulation

results also show that DutyCon outperforms two baseline sleep

scheduling protocols by having more energy savings while

meeting the end-to-end delay requirements.
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