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Abstract
Energy efficiency is an important criterion for battery powered 
Wireless Sensor Network (WSN) nodes. A typical WSN node is 
‘idle’ most of the life time when it is not communicating. The 
energy consumption can be reduced drastically by putting the 
radio in deep sleep during this state. The duty cycle for sleep 
state can be optimized by considering the network latency and 
required life time. This paper presents the empirical energy 
consumption modeling of microcontroller based WSN node. 
The energy consumption of WSN node is measured in different 
operational states, e.g., Idle, Listen, Transmit and Sleep. These 
results are used to predict the WSN node life time with variable 
duty cycle for sleep time. The effect on life time, and energy 
consumption during transmission, listen (with different data 
packet size), idle and sleep states is also discussed.

Keywords
Life time prediction, Duty cycle optimization, energy efficiency, 
energy efficient WSN.

I.  Introduction
With the development of the technology for the micro-sensor, 
microelectronic and wireless communication, the research 
of Wireless Sensor Network (WSN) has received extensive 
attention. Owing to the self organization, micro, low-cost, 
flexibility and other characteristics, WSN has great applications 
in many areas, such as military, environmental science, medical 
and health, space exploration, commercial applications and 
so on [1].
Wireless sensor network have several operational constraints. 
On one hand, sensor devices have limited computational and 
energy resources as well as a generally limited wireless range. 
On the other hand, WSN are intended for use in some critical 
applications, such as surveillance and military applications, in 
which there are strict requirements on the robust delivery of 
some types of information. Therefore, it is expected that the 
data traffic within a WSN will be generally light and that network 
nodes are idle most of the time under normal conditions, where 
no monitored phenomenon is detected [2].
The total energy consumption of WSN node is contributed 
by 1) sensor module 2) processor/microcontroller and 3) 
radio module. Present day nano-watt Integrated circuit (IC) 
technology used in processor and sensor consumes extremely 
low power. The technology is matured and commercially off-
the-shelf available. The maximum energy is consumed by 
the radio module. Hence to prolong WSN node life time, a 
prominent amount of work suggests keeping radios of nodes 
in low-power sleep state for most of the time [3]. By choosing 
the optimum duty cycle for sleep and wake up time of the WSN 
node, desired lifetime can be achieved. In this paper, we predict 
the operational life time of a typical WSN node for the given 
battery capacity. The operational life time can be prolonged 
by putting the radio in sleep state and waking it up at regular 
intervals for data communication. Section II explains main 

components of WSN node and functional behaviour. Section 
III explains the empirical energy consumption modelling of 
WSN node. Based on these measurements, the life time of 
WSN node is predicted with variable data packet. Section IV 
explains the analytical model of WSN node. The results are 
presented in section V.

II. WSN node model 
This section explains the WSN node model and its functional 
behaviour to reduce energy consumption. Typically, WSN 
nodes are battery operated. Main components of WSN node 
are depicted in fig. 1(a). The processor mainly performs 
the computing tasks and consumes very less energy along 
with sensor module for information processing. A WSN 
node consumes more energy when transmitting than when 
calculating. It is reported that the energy it uses to transmit 
1-bit signal to 100m could be used to execute 3000 instructions 
[4].

Fig. 1:(a). Main components of WSN node, (b). WSN node 
hardware and (c). Microcontroller control signals for sleep and 
active cycle

We have built WSN node consisting of the microcontroller 
PIC18F1220 and XBee® series one radio module shown in 
fig. 1(b). The microcontroller periodically sends sleep request 
to radio as shown in fig. 1(c). The radio energy consumption 
is reduced drastically during sleep state. At the pre-defined 
interval, the microcontroller wakes up the radio and performs 
the communication tasks within the network. The radio is again 
forced into sleep state. Thus the overall energy consumption is 
now solely dependent on the sleep duty cycle used.
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Duty cycle is defined as

 
Where,
Ton is the duration for which radio is ON and is in communication 
mode.
Toff is the duration when radio is OFF and is in sleep state, 

Hence energy consumption of WSN node is
         

The currents Ion and Ioff represent total consumption by sensor, 
microcontroller and radio during Ton and Toff  respectively. Vbat  is 
the nominal battery voltage used to power up a WSN node. 

III. WSN node operational states energy measurement 
and results
The employed test setup for energy measurement of the WSN 
node is shown in fig. 2 
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Fig. 2: Energy measurement setup for WSN node

The general idea is to monitor the energy required by a WSN node, 
while communicating with the network coordinator. The current 
consumption of WSN node in various states was measured 
using current probe. The WSN node was programmed with Ton 
(active) time=18ms and Toff (sleep) time=20sec. The WSN node 
operates on a single 1/3N LiMnO2 battery with nominal voltage 
of 3.3 Volts with 130mAh capacity. Various measurements were 
performed to find out the current consumption pattern. In the 
theoretical analysis presented in section II, it was assumed that 
the radio operates only in two states either ON or OFF.  The 
measurement carried out as shown in fig. 3, reveals additional 
transition states during ON and OFF. The radio module has total 
five states of operation. While making transition from OFF to ON 
state, the radio goes through wake-up and idle states. Similarly, 
transition from ON to OFF state is via idle state.

Fig. 3: WSN node current consumption pattern

Table 1 lists the microcontroller and radio status during various 
operational states of WSN node with reference to the fig. 3.

Table 1: Status of microcontroller and radio in various 
operational states

WSN operational state µC (Micro
controller) Radio

Wakeup (1) On Wake-up
Idle before listen (2) On Idle
Listen/transmit (3) On On
Idle after listen (4) On Idle
Sleep (5) Sleep Sleep

Therefore, Ton for the designed WSN node is

sleepoff T=T

Table 2 shows the current measurement obtained during sleep 
request from microcontroller.

Table 2: Current measurement in various operational states
μC 
sleep 
request 
signal 

WSN NODE 
operational 
State

Current
 Duration 

A: High Sleep  Isleep  = 64µA
 Tsleep = 1 to 40 
sec

B: Low 

Wake-Up  Iwakeup= 2mA  Twakeup = 
9.6mS

Idle before 
listen

 Iidle before listen 
=8mA  

 Tidle before listen 
=0.8mS

Listen  Ilisten = 58mA  Tlisten = 6mS
 

Transmit  Itrans= 60mA

Ttrans (n)= 
Depends on 
1 to 101 byte 
Data packet 
size (n)

C: High

Idle after 
listen

 Iidle after listen = 
8mA

 Tidle after listen = 
2.4mS

Sleep  Isleep  = 64µA  Tsleep = 1 to 40 
sec

IV. Energy consumption analysis 
Actual current measurements are used to predict and simulate 
the operational life time and % energy usage in different 
operational states of WSN node. Total energy consumption 
of the node is:

listenafter  idletrans(n)listen

listen before idlewakeupsleeptotal(n)

E E E                  

EE E= E

+++

++

Based on analytical model [5-7] various components of total 
energy are explained below:
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A. Sleep Energy 
The sleep energy component is simply the energy consumption 
while the radio and the microcontroller are in sleep state. Sleep 
energy is

batsleepsleepsleep V×I×T=E

B. Listen Energy
The listen energy component refers to the energy consumed 
while radio is listening or receiving packets and microcontroller 
is in active state. Listen energy is expressed as

batlistenlistenlisten V×I×T=E

C. Transmission Energy
The transmission energy component refers to the energy 
consumption while transmitting data  packets  and microcontroller 
in active state. Transmission energy is expressed as  

          V×I×T =E battrans(n)trans(n)trans(n)           
Where, 

           
As per IEEE 802.15.4 MAC layer every transmission has packet 
overheads of 31 byte along with data packet (n) and physical 
parameter for frequency 2.4 GHz, O-QPSK modulation the bit
rate is 250 Kbps [8].

D. Wakeup Energy
The wakeup energy component refers to the energy consumed 
to change the operational state of radio and microcontroller 
after every sleep interval

batwakeupwakeupwakeup V×I ×T =E
The wakeup time and energy required by the radio depends 
on the type of sleep state. We have selected hibernate sleep 
mode in our analysis due to low energy requirement neglecting 
the latency time to wakeup. 

E. Idle  Energy
The idle energy component refers to the energy consumed in 
transitional states. As per IEEE 802.15.4 every state change 
goes through idle state. i.e idle state of radio before and after 
listen/transmit state.

batidleidleidle V×I ×T =E
Throughout analysis, we have assumed sensor current to 
be very negligible compared to radio module. But for more 
accurate analysis, this current can be considered and added 
as a separate quantity.

V.  Life time prediction–Simulation results
Based on the analysis carried out in previous section, MATLAB 
simulations were carried out to predict the life time of WSN 
node with variable data packet size. Sleep current is a one of 
the most important parameter for life time improvement of 
WSN node. We can prolong the life time of WSN node if energy 
consumption in sleep state is reduced. Therefore, two different 
types of WSN nodes were designed. The parameters of both 
WSN nodes were same except sleep current (Isleep). Based 
on the results obtained in section III, simulation parameters 
used are listed in Table 3. Fig. 4, shows the WSN node life time 

with different data packet size for sleep time varying from 1 
to 40 sec. WSN node with Isleep=64µA, sleep time of 40 Sec 
and one byte data packet size can operate for 69 days with 
130mAh battery capacity. Whereas, WSN node with keeping 
other parameters same &  Isleep=9µA can operate for 262 days 
with the same battery. The life time of WSN node reduces if 
data packet size is increased. For data packet size of 101 
bytes, Tsleep=40sec the lifetime is 65 days & 215 days for WSN 
node 1 & 2 respectively. 

Table 3:  WSN node simulation parameters
Parameters WSN node
Channel ideal 100%

Sleep current  (Isleep)
64µA (WSN-1)
9µA   (WSN-2)

Wakeup current  (Iwakeup) 2mA

Listen current  (Ilisten) 58mA

Transmitter current  (Itrans) 60mA

State change over current  
(Iidle before listen/Iidle after listen  )

8mA

Sleep time (Tsleep) 1 to 40 sec

Wakeup time  ( Twakeup) 9.6mS

Listen time  ( Tlisten) 6mS

Transmit time (Ttrans(n))
Data packet size 
(n)  dependent

Idle before listen time
 ( Tidle before listen)

0.8mS

Idle after listen time
 ( Tidle after listen)

2.4mS

Nominal battery capacity 130mAh

Nominal battery voltage (Vbat) 3.3 Volt
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Fig. 4: WSN node life time 

The amount of sleep energy % w.r.t. total energy consumption 
for WSN-1& WSN-2 node is shown in fig. 5. With higher Isleep 
more energy is consumed during sleep state. 

WSN-1 (Isleep = 64µA)

WSN-2 (Isleep= 9µA)
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Fig. 5:  WSN node Sleep Energy comparison
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Fig. 6: WSN-2 node Transmit  Energy 

The result shows that almost 79.84% to 83.86% of total energy 
is consumed during sleep state for WSN-1 node with Tsleep=40sec 
with variable data packet size. Whereas with reduction in Isleep 
only 35.78 % to 44.21% of total energy is consumed by WSN-2 
node under same conditions. Simulation results shows that the 
reduction in sleep energy improves the operational life time of 
the WSN node. As the performance of WSN-2 node was better, 
further analysis was carried out only for WSN-2 node. 
Fig. 6, shows % transmitting energy consumption for sleep 
time varying from 1 to 40 sec with 1 to 101 byte data packet 
size. Transmit time is dependent on the size of data packet. 
For data packets size varying from 1 to 101 byte, the energy 
consumption in transmit state increases from 13.26% to 
38.68% of total energy for Tsleep=1sec. 
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Fig. 7: WSN-2 node Listen Energy 
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Fig. 8: WSN-2 node Wakeup Energy 

% transmit energy with respect to total energy consumption of 
the WSN node reduces as sleep time increases. Listen state 
draws maximum amount of current from battery. Therefore it 
is the most dominant energy consumption state in WSN node. 
Fig. 7, shows the listen energy consumption for variable sleep 
time & data packet. The WSN node consumes 34.58% to   
42.74% of total energy for Tsleep=40sec while in listen state. 
Fig. 8, shows the energy consumption of wakeup state. Wakeup 
energy required for WSN node to change state from deep sleep 
state to active mode of operation. Almost 2.93% to 4.14% of 
wakeup energy is consumed for Tsleep=1sec. As sleep time 
increases to 40 sec, the ratio of wakeup energy consumption 
to the total energy reduces to 1.90%  to 2.35%. Approximately 
1% to 3% of total energy is consumed in transitional states i.e. 
idle state of radio before and after listen and transmit state. 
Table 4 summarises % energy consumption for 20sec and 
40sec sleep time with 1 and 101 byte data packet size.

Table 4:  Simulation results of WSN-2

WSN Node 
parameters 

% energy consumptions
Sleep time 20 
sec

Sleep time 40 
Sec

Data packet size in Byte 1 101 1 101 
Life time in days 167 127 262 215

WSN node 
operational 
states

Sleep 
(Esleep)

28.38 
%

21.79 
%

44.21 
%

35.7 
8%

Wakeup
(Ewakeup)

3.027 
%

2.324 
%

2.358 
%

1.908 
%

Listen
(Elisten)

57.87 
%

42.12 
%

42.74 
%

34.58 
%

Transmit
(Etrans(n))

9.687 
%

30.67 
% 7.54 % 25.19 

%
Idle 
before/ 
after
Listen
( Eidle before 

listen /Eidle after 

listen )

1.036 
%

3.096 
%

3.152 
%

2.542 
%

Total (Etotal) 100 % 100 % 100 % 100 %

VI.  Validation
The WSN node was powered by a single 1/3N LiMnO2 battery 
with nominal voltage 3.3 Volts and capacity 130mAh. The WSN 
node (WSN-1) was operational for 59 days with one byte data 
packet size. The simulation predicts life time of 62 days for 
sleep time of 20sec which closely matches with the obtained 
result.

WSN-1 (Isleep = 64µA)

WSN-2 (Isleep= 9µA)
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VII. Conclusion
Sleep current is an important parameter to predict the life 
time of WSN node. Almost  79.84% to 83.86% of total energy 
is consumed in sleep state (Isleep = 64µA). Reduction of WSN 
node sleep state  current Isleep from 64μA to 9μA has shown 
improvement in life time by 193 days (Tsleep=40sec & Data 
packet=1 Byte) for the 3.3V, 130mAh battery. WSN node life 
time is also dependent on the data packet size. As data packet 
size increases, life time is reduced. Tsleep should be selected 
considering the application requirement and tolerable network 
latency. Increasing Tsleep increases % sleep energy and network 
latency. WSN node with Isleep = 9µA, Tsleep = 40 sec and 1 byte 
data packet size will have lifetime of 4.4 years for readily 
available 800mAh battery of AAA size. Whereas, the same 
node will have lifetime of 6.7 years with 1200mAh battery of AA 
size. It is possible to achieve life time of several years with high 
current capacity lithium batteries available off-the-shelf. The 
simulation results are validated using designed WSN node.
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