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무선네트워크에서의 지연시간제약을 고려한

듀티사이클 스케쥴링 

Duty Cycle Scheduling considering Delay Time Constraints
in Wireless Sensor Networks

부쥐손*, 윤석훈**

Vu Duy Son*, Seokhoon Yoon**

요  약  본 논문에서는 센서노드가 력소모를 이기 하여 주기 으로 휴면상태를 갖는 듀티사이클 기반 무선센서

네트워크를 고려한다. 이러한 네트워크에서는 듀티사이클 간격이 커진다면 력소모는 감소하지만 종단간 지연시간은 

늘어나게 된다. 무선센서네트워크의 많은 애 리 이션은 지연시간에 민감하며 패킷이 센서노드로부터 싱크노드에게 

달되는 데 있어서 지연시간제약 요구사항이 있다. 기존의 부분의 연구는 종단간 지연시간을 이는 것에만 을 

맞추고 지연시간제약에 해 고려를 하지 않음으로써 종단간지연시간과 력소모에 한 균형을 맞추기 어려웠다. 지연

시간제약을 고려하는 연구에서도 노드들간의 시각동기화를 요구하거나 노드들이 특정한 분포를 갖는다고 가정하 다. 

기존 연구의 이러한 제약을 극복하기 하여 본 논문에서는 지연시간제약조건을 충족시키면서 동시에 력소모를 이

기 한 듀티사이클 스 쥴링 알고리즘을 제안한다. 먼  종단간 지연시간의 확률분포를 추정하고 획득한 분포를 이용

하여 지연시간제약조건을 만족하는 최  듀티사이클 간격을 결정한다. 시뮬 이션 결과에 따르면 제안되는 알고리즘은 

주어진 지연시간제약 요구사항을 만족하면서도 낮은 력소모 성능을 보인다.

Abstract  In this paper, we consider duty-cycled wireless sensor networks (WSNs) in which sensor nodes are 
periodically dormant in order to reduce energy consumption. In such networks, as the duty cycle interval increases, 
the energy consumption decreases. However, a higher duty cycle interval leads to the increase in the end-to-end 
(E2E) delay. Many applications of WSNs are delay-sensitive and require packets to be delivered from the sensr 
nodes to the sink with delay requirements. Most of existing studies focus on only reducing the E2E delay, rather 
than considering the delay bound requirement, which makes hard to achieve the balanced performance between E2E 
delay and energy consumption. A few study that considered delay bound requirement require time synchronization 
between neighboring nodes or a specific distribution of deployed nodes. In order to address limitations of existing 
works, we propose a duty-cycle scheduling algorithm that aims to achieve low energy consumption, while satisfying 
the delay requirements. To that end, we first estimate the probability distribution for the E2E delay. Then, by using 
the obtained distribution we determine the maximal duty cycle interval that still satisfies the delay constraint. 
Simulation results show that the proposed design can satisfy the given delay bound requirements while achieving 
low energy consumption.

Key words : Wireless sensor networks, Duty cycling, Delay bound, Deadline success ratio.
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I. Introduction

Recently, wireless sensor networks (WSNs) have 

been widely used for many applications such as health 

monitoring, target tracking, and environmental 

monitoring
[1-2]. In WSNs, sensors are deployed in a 

region to sense and measure environmental parameters 

such as concentration of toxic materials, gas, and 

temperature. Since the primary power source of a 

sensor node is a battery with limited capacity, saving 

power consumption is essential in WSNs. One of the 

most effective techniques for reducing energy 

consumption in WSNs is the duty cycling mechanism 
[3-6].

Unfortunately, the increase in the duty cycle interval 

for saving energy leads to a long E2E delay[7]. Most 

delay-sensitive applications require that packets reach 

the sink within a given delay bound. However, most of 

existing studies only considered minimizing the E2E 

delay[8-10], rather than taking the delay bound and 

energy consumption into consideration at the same 

time. 

Although a few studies considered both the delay 

bound and energy consumption, they require additional 

information or certain assumptions. For example, Z. 

Fan et al. [10] proposed a transmission power control 

mechanism to satisfy the given delay bound. However, 

nodes need to know wake-up schedules of all 

neighboring nodes. Dao et al. [11] also considered those 

requirements, but this scheme is only applied to 

random deployment of WSN nodes in a circular area 

and not applicable to various practical deployments. 

In order to address limitations of existing studies, 

we propose a delay-constrained duty-cycle scheduling 

algorithm (DDS) that aims to achieve low energy 

consumption, while satisfying the delay requirements. 

The main idea of our work is that maximizing the duty 

cycle interval with the constraint of the delay bound. 

We define deadline success ratio (DSR) as the 

required probability which is the ratio between the 

number of packets delivered to the sink within a given 

delay bound and the total number of transmitted 

packets. For example,  an application needs 95 % (the 

required DSR) of the transmitted packets to arrive at 

the sink within 30 seconds (the delay bound). Firstly, 

the E2E delay distribution is estimated as a function of 

the duty cycle interval. Then, we propose four methods 

to obtain maximal duty cycle interval values that 

satisfies the required DSR. In addition, our algorithm 

does not require time synchronization between 

neighboring nodes and can be applied to various 

deployment strategies in WSNs, e.g., circular or 

rectangular areas, random or manual deployment. The 

simulation results show that the network performance 

can satisfy both the given delay bound and required 

DSR.

The rest of the paper is design as follows: Section 

II introduces the network model and defines an 

optimization problem. Our proposed scheme is 

presented in Section III. The evaluation of simulation 

results are shown in Section IV, and the paper is 

concluded in Section V.

II. Network Model and Problem 

Definition

Firstly, this section introduces the system model for 

duty-cycled WSNs, then a maximization problem for 

estimating the maximal duty cycle interval that 

satisfies delay requirements is presented. 

We consider a WSN that uses multi-hop 

transmission and includes   static sensor nodes 

including a sink node with transmission range . Our 

design can be applied to various deployment strategies, 

for example, the sensor’s deployment area can be 

circular or rectangular regions, random or manual 

deployment. Because of the duty cycling mechanism, 

nodes are active or dormant during a duty cycle 

interval except for the sink which is always active. In 

addition, when a node detects an event, the node will 

turn on the radio to transmit packets if it is in the sleep 



The Journal of The Institute of Internet, Broadcasting and Communication (IIBC)

Vol. 18, No. 2, pp.169-176, Apr. 30, 2018. pISSN 2289-0238, eISSN 2289-0246

- 171 -

state. Let   and   denote the duty cycle interval and 

the active period of nodes in  , respectively. For a 

duty cycle interval, sensor nodes randomly and 

independently select the time to wake up. Hence, the 

wake-up schedules of nodes are asynchronous. In other 

words, time synchronization is not required for our 

work.

For duty-cycled WSNs, the one-hop delay of a node 

depends on the wake/sleep schedules of forwarding 

candidates, hence it is influenced by the duty cycle 

interval. Furthermore, the one-hop delay also depends 

on other network parameters, e.g., the transmission 

range of nodes, the number of neighboring nodes, and 

the number of forwarders. Because the E2E delay is 

the sum of one-hop delay, the E2E delay depends on 

the duty cycle interval and network parameters. Let   

and   denote the given delay bound of packets’ E2E 

delay and the required DSR, respectively.  We define a 

delay duty-cycling maximization problem as follows. 

The objective of this problem is the maximization of 

the duty cycle interval  , and the constraint is that the 

ratio between packets arrived at the sink within the 

given delay bound   and the total transmitted packets 

is greater than or equal the required DSR . 

III. Delay-constrained Duty-cycle 

Scheduling Algorithm

In this section, we propose a novel scheduling 

algorithm that maximizes the duty cycle interval while 

guaranteeing the given delay bound with the required 

DSR. Firstly, we estimate the E2E delay distribution, 

then the duty cycle interval is determined based on the 

estimated E2E delay distribution.

1. Estimation of End to End Delay 

Distribution

In this subsection, we first estimate the one-hop 

delay distribution in each group because the E2E delay 

is the sum of one-hop delay. Then we propose methods 

for estimating the E2E delay distribution that is 

formulated as a function of the duty cycle interval and 

network parameters. 

그림 1. 잠재적 전송 패킷 예시

Fig. 1. An example of potential transmitting packets.

We introduce important definitions as follows. Let 


  and   define -th node and the number of nodes 

in group  , respectively. Let potential forwarding 

candidate(s) (PFCs) of node 
  define nodes that relay 

packets of node 
  to the sink. In order to facilitate the 

discussion, suppose that every node generates only one 

packet, and all packets are successfully delivered to the 

sink. A node not only transmits its packets but also 

forwards packets received from other nodes. Let 

potential transmitting packet(s) (PTPs) define packets 

that a node needs to forward to the sink. Let 
  and 


  denote the number of PFCs and PTPs, respectively. 

The number of PTPs depends on the number of PFCs. 

For example, as can be seen in Fig. 1, 
    because 

node 
  does not forward packets of other nodes. 

Meanwhile, node 
  needs to forward its packets and 

node 
 ’s packets. In addition, node 

  has two PFCs 

and one PTP, hence 
  probably transmits 0.5 packets 

to 
 , hence 

    PTPs.

Suppose that the group index of all nodes is 

determined and the sink is aware of nodes’ information 

that will be used to estimate the E2E delay distribution, 
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e.g., group index, the number of PFCs, and the number 

of PTPs.

The larger number of PTPs of a node, the higher 

probability that this node is selected to relay packets 

can be achieved. Let   denote the number of PTPs of 

nodes in group . Hence, the probability that 
  is 

selected can be calculated as follows:


  




(1)

Let   define a one-hop delay random variable which 

is the latency of packets from hop   to previous hop 

. Note that     where   is the maximum 

hop count, and the hop count of the sink is zero. Let 

  
  denote the probability that the one-hop 

delay of node 
  is shorter than   when selecting 

  

to forward packets. Nodes randomly and independently 

wake up during a duty cycle interval. A transmitter 

chooses the first wake-up node among PFCs to 

forward packets. In addition, the sink is aware of 

node’s information, e.g., the number of PFCs of nodes. 

Hence, we obtain:

  
   






(2)

One-hop delay distribution not only depends on the 

wake-up time of PFCs but also depends on the number 

of PTPs. If packets are transmitted by a node that has 

a longer one-hop delay, it is more probable that the 

E2E delay of these packets is larger. Therefore, we 

estimate the cumulative distribution function of 

one-hop delay   using Bayes’ theorem as follows:

 




  







 













(3)

According to Eq. (3), probability density function   

is expressed as follows:

 















 



(4)

The mean   and variance 
  of the one-hop delay   

are calculated as follows:

  (5)


  

  (6)

where 

 











(7)


 






 

 




 
 



(8)

Let   be a random variable which denotes the E2E 

delay of packets which is the sum of one-hop delay. 

Furthermore, we consider the E2E delay in the worst 

case in which the E2E delay is calculated for packets 

whose hop count is the maximum. Note that the sink 

is always active, in other words,    . Therefore, 

the E2E delay is expressed as follows:






 (9)

We approximate the E2E delay distribution by the sum 

of   one-hop delay distribution  :

′    (10) 

where   is a distribution that represents all one-hop 

delay distribution of groups. If ′satisfies the given 
delay bound,   also satisfies. In order to find the 
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representative of one-hop delay distribution of groups, 

we propose four methods that based on the selection of 

  from obtained one-hop delay distribution and 

estimation of   as a new distribution.

1.1 Selection of  from obtained one-hop 

delay distribution

We propose two methods for choosing a 

representative one-hop delay distribution from obtained 

one-hop delay distribution as follows:

(i) Mean: The mean value of a one-hop delay 

distribution represents the central tendency of 

the one-hop delay value. A group has a higher 

mean value, it is more probable that this group 

has a longer delay time. We select the group 

with the largest mean value.

(ii) The product of mean and standard deviation 

(PMS): With the probabilistic approach, the E2E 

delay values in practice are spread out over a 

long range. Some delay values can be very large 

compared to the mean value. Therefore, we take 

standard deviation into consideration. If the 

standard deviation of E2E delay distribution of a 

group is more significant, the maximum value of 

E2E delay can be larger. We define the product 

of mean and standard deviation   . We 

select the group that has the largest value of 

PMS.

1.2 Estimation of  as a new distribution

Instead of selecting one-hop delay distribution   

from obtained distribution, we estimate a new 

distribution which is a mixture of all one-hop delay 

distribution using a finite mixture model[12]. From our 

experiments, with randomly generated position of 

sensors, it seems that the probability density function 

of the one-hop delay distribution of each group   

follows an exponential distribution with the mean value 

  of the distribution of group   is derived from 

information at the sink according to Eq. (7). The finite 

mixture model for   components   is 

expressed as follows:






 (11)

where   is the mixing proportion or weight; 

≤  ≤ , and 




  .

To determine values of the mixing weights, we 

propose two methods which are estimation of    with 

same weights and different weights.

(i) Estimation of   with same weights (ESW): All 

weights have value    .

(ii) Estimation of   with different weights (EDW): 

The weight values of distribution are not the 

same and depend on the number of PTPs of all 

nodes in the same group: 

    

 









(12)

where   is the number of PTPs of nodes in group .

2. Determination of duty cycle interval 

using estimated E2E delay distribution

After estimating the one-hop delay distribution, we 

approximate the E2E delay using the classic central 

limit theorem. The mean   and variance 
  of 

one-hop delay   are calculated by Eq. (7) and Eq. (8), 

respectively. The maximal duty cycle interval   

that satisfies the given delay bound   and required 

DSR   is expressed as follows:

  


(13) 

where   stands for the required DSR.
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(a) PDR (b) Total energy consumption

(c) Average E2E delay (d) Collected DSR

그림 2. 지연 제약 변화의 PDR, 총전력소모, 평균종단지연 및 수집된 DSR에의 영향

Fig. 2. Impact of delay bound on PDR, total energy consumption, average E2E delay, and collected DSR.

IV. Performance Results

In this section, the simulation setup and the 

performance results of DDS are presented. We simulate 

a network using the ns-2 simulator [13]. To evaluate 

four methods (mean, PMS, ESW, and EDW), we 

consider the evaluation metrics under the impact of 

delay bounds.

1. Simulation Setup

In this section, the network parameters were set as 

follows. Seventy-eight nodes are deployed in the 

rectangular region (40 m x 50 m) with the sink is in the 

center region. The transmission range is 10 m and the 

maximum group index   is 6. Assume that Preon32 [14] 

- the radio module of the sensor nodes is used with 

high bandwidth (2 Mbps). For this node deployment 

and position of the sink, the selection of   based on 

the mean and PMS methods are the same, hence the 

results of both are identical. We simulate with the 

scenario in which a randomly selected node transmits 

a 46 bytes data packet every 1 s (event rate = 1.0 

packet/s).

To validate the proposed methods, we analyze the 

network performance under following evaluation 

metrics: average E2E delay, total energy consumption 

of all nodes, PDR, and collected DSR. We study the 

effect of the delay bound on different evaluation 

metrics. The delay bounds are [10 20 30 40 50] s with 

the required DSR   .

2. Evaluation Results

The network performance with varied delay bounds 

is illustrated in Fig. 2. As can be seen in Fig. 2(a), PDR 
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is higher than 97% over different delay bounds. PDR 

slightly decreases when the delay bound increases. The 

reason is as follows. When the duty cycle is higher, the 

waiting time increases. If the waiting time is longer, 

there is a higher probability that the nodes are busy 

when other nodes try to transmit packets. If the packet 

is dropped because of exceeding the number of 

retransmissions, PDR decreases. In addition, the PDR 

of EDW achieves the highest value when the delay 

bound is greater than 20 s.

As can be seen in Fig. 2(b), the energy consumption 

of all methods achieved the minimal value with the 

delay bound     s and the pattern follows a 

V-shape. The reason is as follows. When the delay 

bound is varied from 10 s to 20 s, the duty cycle 

interval increases because the duty cycle interval is 

directly proportional to the delay bound according to 

Eq. (13). For the same active period, the higher duty 

cycle interval, the smaller energy consumption can be 

achieved. In contrast, when the delay bound is changed 

from 20 s to 50 s, the energy consumption increases. 

While the active period and event rate are not changed, 

increasing in the duty cycle interval leads to the 

collision because several transmitters try to send many 

packets to one node. These transmitters need to be 

active for a longer period to retransmit packets, hence 

the energy consumption increases. In addition, the total 

energy consumption of EDW achieves the lowest value 

with the delay bound is varied from 30 s to 50 s.

In terms of average E2E delay, as shown in Fig. 

2(c), all methods satisfy the given delay bound. The 

average E2E delay increases when the delay bound 

increases. The reason is as follows. The delay bound is 

directly proportional to the duty cycle interval. 

Furthermore, the longer average E2E delay, the higher 

duty cycle interval can be achieved. Fig. 2(d) shows 

the collected DSR results with varied delay bound 

values. Mean and PMS methods do not satisfy the 

required DSR     with the given delay bound 

    s. Meanwhile, other proposed methods satisfy 

the required DSR. Note that EDW can achieve the 

collected DSR with the highest value.

In summary, the network performance of EDW is 

better than that of the other methods. The average E2E 

delay of four proposed methods satisfies the given 

delay bound. In terms of collected DSR, both ESW and 

EDW methods always satisfy the required DSR. The 

collected DSR of the mean and PMS methods satisfy 

the required DSR with the delay bounds varied from 

10s to 40 s and does not satisfy the one with delay 

bound     s.

V. Conclusion

In this paper, we proposed a novel scheduling 

algorithm to estimate the maximal duty cycle intervals 

that satisfy the delay requirements such as a given 

delay bound and required deadline success ratio for 

duty-cycled WSNs. To do that, we estimate the E2E 

delay distribution as a function of the duty cycle 

interval and network parameters. Furthermore, our 

design can be applied to different deployment strategies 

of WSNs, hence the calculated duty cycle interval is 

more adaptive for practical applications. The simulation 

results demonstrate that our values of the duty cycle 

interval can satisfy the delay requirements.
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