
Hindawi Publishing Corporation
International Journal of Distributed Sensor Networks
Volume 2013, Article ID 924576, 8 pages
http://dx.doi.org/10.1155/2013/924576

Research Article
Battery-Less 6LoWPAN-Based Wireless Home Automation by
Use of Energy Harvesting

Ardiansyah Musa Efendi, Seungkyo Oh, Ali Fahmi Perwira Negara, and Deokjai Choi

Advanced Network Laboratory, School of Electronics and Computer Engineering, Chonnam National University,
Gwangju 500757, Republic of Korea

Correspondence should be addressed to Deokjai Choi; dchoi@jnu.ac.kr

Received 7 April 2013; Accepted 25 June 2013

Academic Editor: Guangjie Han

Copyright © 2013 Ardiansyah Musa Efendi et al.This is an open access article distributed under theCreativeCommonsAttribution
License, which permits unrestricted use, distribution, and reproduction in anymedium, provided the originalwork is properly cited.

Being one of the currentmain technologies, wireless sensor network (WSN) is absolutely critical and plays an increasingly important
role in the development of a wide range of data acquisition, processing, and control applications. One interesting challenge
application of the WSNs is Internet-based home automation system. The rapid expansion of IPv6, moreover, after IETF defined
6LoWPAN as a technique to apply IPv6 into WSNs standard, added potential for Internet paradigm communication, control, and
monitoring of home automation devices from anywhere on the globe.The use of 6LoWPAN communications technology also helps
lower expense of the system and decreases complexity of the home automation architecture.When implementing 6LoWPAN-based
home automation system, the important feature is long periods of life to support full automation without the need for periodically
replacing its batteries. To have this, 6LoWPAN home devices with total energy independence are needed. By using additional
components for power management and the implementation of 3V, 70mA small polycrystalline silicon solar cell for solar energy
harvesting, we can have home automation node for an indefinite amount of life time.

1. Introduction

Wireless sensor networks (WSNs) are employed in a wide
range of data acquisition, processing, and control applica-
tions. Their advantages over traditional wired sensor net-
works include mobility, increased reliability, easier installa-
tion, and lower deployment cost. One interesting challenge
application of the WSNs is home automation system. There
are so many definitions of home automation available in the
literature. [1] Bromley et al. describe home automation as
the introduction of technology within the home to enhance
the quality of life of its occupants, through the provision
of automation services such as multimedia entertainment,
telehealth, and energy conservation. The home environment
has seen a rapid introduction of Internet protocol enabled
technology. This technology offers new and exciting oppor-
tunities to increase the connectivity of devices within the
home for the purpose of home monitoring and automation.
Recently, home automation systems have been challenged
with the two outstanding needs: the need for the high
interoperability between home devices and the need for user

interfacing and accessing to the system from different end
points.

There has been significant research in the field of home
automation. The authors of [2] developed an embedded
board that physically connected all the home automation
devices through integration with a personal computer based
web server and then provided remote access to the system.
However, the system requires an intrusive and expensive
wired installation and the use of a high end computer. The
authors of [3] introduced aBluetooth based home automation
system, by connecting each home device to a local Bluetooth
subcontroller. This system reduces the amount of physical
wiring required and the intrusiveness of the installation
through the use of wireless technology. However, due to the
sharing of a single Bluetooth module between numerous
devices has the disadvantage of incurring an access delay.The
authors of [4] defined a ZigBee-based home automation net-
works, a flexible home automation architecture, and trough
adoption and evaluated the potential of ZigBee. However,
this system still has problem with evolvability, scalability,
and internet integration. End-to-end paradigm where only
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the end-to-end points participate in the application protocol
exchanges which cannot be implemented with this solution.
ZigBee needs intermediate local proxy server to enable com-
munication between embedded home devices and Internet.

A possible strategy to solve the problem listed above could
be adopting 6LoWPAN. The introduction of 6LoWPAN
protocol enables home automation device based on 802.15.4
wireless sensor network standard to be compatible with IPv6
while maintaining low-power consumption and taking the
nature of wireless networks into account [5]. The 6LoWPAN
standard also promises the fulfillment of the emerging trend
of embedded Internet technology in all aspects of everyday
life [6], mainly because of its low costs, low-power, scalability,
possibility to adapt to existing technologies. The authors of
[7, 8] tried to implement 6LoWPAN for home automation
network, but between the features of any 6LoWPAN-based
home automation system are long periods of life without the
need for periodically replacing its batteries. To have this, we
need to design the 6LoWPAN home device with total energy
independence. In this case, additional components for energy
harvesting are needed, and the power management of the
6LoWPAN home devices is an important topic.

In this paper, we presented and analyzed implementation
of energy harvesting in the 6LoWPAN-based home automa-
tion infrastructure. The rest of this paper is divided into
five sections. Section 2 presents our 6LoWPAN-based home
automation system. Section 3 discusses setting environment
of our system design for 6LoWPAN-based home automa-
tion energy harvesting. Finally, Section 4 will evaluate and
Section 5 will conclude our research in this system.

2. Overview of Our 6LoWPAN-Based Home
Automation System

This section describes our conceptual design of a flexible
home automation network using 6LoWPAN (see Figure 1).
Our goal is to develop a home automation system that is
robust, flexible, easy to use and has a wide range of capabili-
ties. The system allows home owners to monitor and control
connected devices in the home, through any Wi-Fi enabled
device. Additionally, usersmay remotelymonitor and control
their homedevices using any Internet enabled device. Ahome
gateway is implemented to facilitate interoperability between
heterogeneous 6LoWPAN and ordinary IPv6 network based
on Ethernet and Wi-Fi. It also facilitates local and remote
control and monitoring of the home devices and provides
a consistent interface, regardless of the accessing device.
Remote user communications traverse the Internet until they
reach the home gateway.They are then wirelessly transmitted
to the home devices using the 6LoWPAN.

2.1. 6LoWPANHomeAutomationNetwork. As discussed, the
proposed system architecture implements 6LoWPAN home
automation network. The use of 6LoWPAN offers certain
advantages and provides a comprehensive home automa-
tion solution. This technology is designed to be used on
applications that required low data rate, low cost, low-power
consumptions, and two-way wireless communications [9].
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Figure 1: 6LoWPAN home automation system architecture.

The wireless nature of 6LoWPAN helps overcome the intru-
sive installation problem with the existing home automation
systems identified earlier. The 6LoWPAN devices based on
IEEE 802.15.4 standard theoretically provides 250 kbps data
rate and 127 bytes frame size; this would need a consid-
erable amount of compression for controlling most home
automation devices using IPv6. The automatic installation
and IPv6 addressing of 6LoWPAN provide novel solution
to end-to-end connectivity and ubiquitous Internet-based
home automation system and help tackle the expensive and
complex architecture problems with existing home automa-
tion systems, as identified earlier.

2.2. Home Gateway. Home gateway, as depicted in Figure 2,
is our edge route [10], and it is charged by providing interop-
erability between different connecting networks. The home
gateway provides data translation services between Internet
based on Ethernet/Wi-Fi and 6LoWPAN networks based on
802.15.4. One way to integrate 6LoWPAN into home gateway
is to provide basic layer 1–3 functionality using a 6LoWPAN
network processor, which used 802.15.4 as low-powerwireless
interface. In order to use 6LoWPAN wireless interface with a
standard IPv6 protocol stack, our home gateway functionality
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Figure 2: Home gateway.

Figure 3: 6LoWPAN home nodes based on TI CC2530.

implemented 6LoWPANadaption layer, 6LoWPAN-ND, and
IPv6 RPL routing, IPv6 interconnection.

In order to interconnect home automation system, based
on 802.15.4 and 6LoWPAN, with existing IPv6 network,
based on Ethernet/Wi-Fi, the home gateway can act as a
bridge or as a router. In router mode, this home gateway
acts as a full-fledged IPv6 router, interconnecting two IPv6
subnets. The home automation subnet is managed by the
RPL protocol, and the Ethernet subnet is managed by IPv6
NDP. In this mode, home gateway provides a virtual second
interface to filter the packet. The router mode allows us to
isolate 6LoWPANmesh into its own subnet, therefore clearly
identifying the home automation nodes. In bridge mode, this
home gateway provides switching capabilities, allowing to
interconnect a standard IPv6 based network with an RPL
based 6LoWPAN mesh in one subnet. All incoming packets
targeting an 802.15.4 interface or incoming multicast packets
on the Ethernet interface are forwarded to the home automa-
tion segment. Conversely, all incoming packets targeting
an Ethernet interface or incoming multicast packets on the
LoWPAN interface are forwarded to the Ethernet segment.
Home gateway is acting as an NDP proxy on the Ethernet
side and is usingNDPparameters to configure the 6LoWPAN
mesh. Source and destination MAC addresses are translated,
and addresses in ICMPv6 packets are also translated. This
mode allow us to seamlessly integrate a 6LoWPANmesh into
an existing NDP based IPv6 network and aggregate several
6LoWPANmeshes into one virtual IPv6 subnet.

2.3. 6LoWPAN-Based Home Node. The 6LoWPAN node for
this test bed is based on TI CC2530 application board [11].
The CC2530, depicted in Figure 3, is true system-on-chip
(SoC) solution for 802.15.4 application based on SmartRF05
Evaluation Board. It combines the 2.4GHz RF transceiver
with 8051MCU, in system 256KB programmable flash mem-
ory, 8 KBRAM, batteries, and ambient/environment power
source. In this environment, the application boards run Con-
tiki, an open source operating system for memory efficient
networked embedded system and wireless sensor networks.
Contiki provides IP communication, both for IPv4 and IPv6,
thanks to the embedded uIPv6 subsystem. The latter is an
implementation of an IPv6/6LoWPAN stack, able to transmit
IPv6 packets using the IEEE 802.15.4 radio of CC2530 chip.
In our home automation system, this node has connections
for digital ambient light sensors ISL 29023, an integrated
ambient and infrared light-to-digital converter I2C interface.
In normal operation, typical current consumption of this
sensor is 70𝜇A, and the power consumption can be reduced
to less than 0.3 𝜇A when powered down.

6LoWPAN-based home nodes have specific hardware
characteristics and limitations. Most of these nodes have
limited available energy. In our case, although AA batteries
that provide the power to the 6LoWPAN-based home nodes
are rechargeable, but, to save long periods of life without the
need for periodically replacing its batteries, we need to design
the 6LoWPAN home device with total energy independence.
To solve this, additional components for power management
and energy harvesting are needed. Thus, our 6LoWPAN-
based home automation devices arepresented in the diagram
as depicted in Figure 4. The voltage input from the energy
harvester is used to charge the AA battery packs by the first
stage DC-DC converter. Then battery voltage is supplied at
a stable level to the 6LoWPAN home device main circuit.
For power management purposes, the node also needs to
continuously monitor the voltage and the current drawn
from the battery pack, which is achieved by the energy
measurement module.

3. Setting of Test Environment

6LoWPAN approach for home automation system is
designed for control and monitoring of household
devices. We are setting up a home automation scenario test
environment to experiment interconnection between home
automation devices, based on 6LoWPAN over IEEE 802.15.4,
with an existing IPv6 network, based on Ethernet/Wi-Fi. To
test interconnection between 6LoWPAN node and outside
IPv6 network, we develop a light sensor remote and mobile
control based on Android application. The remote user’s
communications transverse the internet until they reach
our home gateway. After that, the communications are
wirelessly transmitted to the 6LoWPAN-based home nodes.
The application of this test bed has implemented IPv6 using
Android API Inet6Address. The captures of our application
are seen in Figure 5. The figure on the left showed the first
screen of our application and the menu to select sensor
nodes that will be monitored. The figure on the right showed
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Figure 4: 6LoWPAN-based home automation devices with energy harvesting.

Figure 5: Application view.

on/off commands that sended a message to each 6LoWPAN
home node.

As we know, to have home automation systems which
have long periods of life, the power management is impor-
tant. In our implementation, the home gateway is always
connected to USB port, and no batteries are needed, but as
it has been discussed, our 6LoWPAN home devices based
on TI CC2530 need batteries as power source. To measure
the current consumption of our devices the voltage of a
resistor 10Ω placed in series with the nodewasmeasured. It is
determined as long as 𝐼 is below 30mA.However, the current
consumption of our 6LoWPANdevice is almost independent
of the input voltage. Once the current is determined, the
average current consumption can be found using the general
formula

𝐼avg =
𝑛

∑

𝑖=0

(
𝑇
𝑖

𝑃
𝑖

∗ 𝐼
𝑖
) + (1 −

𝑛

∑

𝑖=0

(
𝑇
𝑖

𝑃
𝑖

)) ∗ 𝐼sleep , (1)
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𝐼
𝑖
, 𝑃
𝑖
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measured, 𝐼sleep is current consumption while in sleep mode,
and 𝐼avg is average current consumption over period 𝑃

𝑖
.

Knowing 𝐼
𝑖
, 𝐼sleep, and 𝑇𝑖 we can find 𝐼avg based on the

period of active sequences. As a final step, calculate the total
life time of our 6LoWPAN home device, and know that

Battery capacity [mAh]
Average current [mA]

= lifetime [h] . (2)

The battery capacity will differ from one battery type
to another. In this research, two AA sized Duracell Deluxe
batteries are used, and the characteristics of this battery are
shown in Table 1. The energy consumption and the power
input of 6LoWPAN-based home automation node depend
largely on the application and the sensor used. When the
nodes are up and are running in the small home automa-
tion network, the average current consumption during the
292.5ms is 34.6mA.Using an amperemeter, the sleep current
of the system was measured to be 4.8 𝜇A. Now proceed to
find the total average current consumption, based on (1), for
the 5-second (= 5,000ms) packet interval. Substituting in the
formula values from Table 1 provide

(
292.5

5000
∗ 34.6) + (1 −

292.5

5000
) ∗ 0.0048mA = 2.212mA.

(3)

Equation (2) can now be used to calculate the expected
lifetime of the system:

2850mAh
2.212mA

= 1288 hrs = 53 days. (4)

If the home device is configured to transmit one packet
every 5 seconds, with small application acknowledgment and
no data polling, the board can operate for 53 days with
two AA Duracell Deluxe batteries. Hence, even whenour
6LoWPAN home devices have better possible working days
with AA batteries than [12], energy harvesting technology
is still needed to increases the robustness and availability of
this system. Energy harvesting is the process by which energy
is captured, derived, and stored for wireless autonomous
devices from the surrounding environment such as solar
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Table 1: Battery characteristics.

Max. charge voltage 1.5 V
Nominal voltage 1.2 V
Nominal capacity 2850mAh
Standard charge 270mA/16 h
Fast charge 2700mA/1.1 h

Table 2: The most common energy harvesting sources.

Harvesting
technology Power density Source of information

Photovoltaic cells 40mW/cm3 Borgoine, 2011 [16]
Piezoelectric 10–100 uW/cm3 Chandrakasan et al., 2008 [17]
Thermoelectric
(Δ𝑡 = 15 degK) 9.4 uW/cm3 Yang et al., 2013 [18]

Acoustic noise
(149 dB) 252 uW/cm3 Kralov et al., 2011 [19]

power, thermal energy, and wind energy. In recent years this
term has been applied mainly to sensor networks, where
wireless sensor devices employ this process to replenish their
energy resources [13, 14]. The implementation of energy
harvesting in 6LoWPAN home automation has been intro-
duced by [8, 13]. When they applied this technology to their
6LoWPAN-based temperature monitoring node, it makes
their system became energy independent. However they did
not give enough examination and detail energy consumption
needed by 6LoWPAN-based home node while transmitting
data application. We believe that this is very important
due to the optimized system while, using the harvested
energy, the power management design should achieve two
fundamental requirements: energy-independent operation
and node operation performance level [15].

We can approximate the sensor network with a closed
energy systemwhere each node has a total power output from
the energy source𝑃𝑠(𝑡) at time 𝑡, and a total energy being con-
sumed at that time is𝑃𝑐(𝑡).There are three cases which can be
separated tomodel the energy behavior of a load andwrite the
physical condition on energy conservation: harvesting system
with no energy storage, harvesting system with ideal energy
buffer, and harvesting system with nonideal energy buffer
[15].These conditions help us to derive requirements on𝑃𝑠(𝑡)
and 𝑃𝑐(𝑡) which allow energy-independent operation to be
guaranteed.

The remaining energy 𝐸 by the home automation node
at any time t is given by sum of its total power output 𝑃𝑠(𝑡)
minus its total energy being consumed 𝑃𝑐(𝑡) and can be
estimated by the following formula:

𝐸 (𝑡) = ∫

𝑡

0

(𝑃𝑠 (𝑡) − 𝑃𝑐 (𝑡)) 𝑑𝑡, (5)

where𝐸(𝑡) is remaining energy of the home automation node,
𝑃𝑠(𝑡) is total power output from energy harvesting source,
and 𝑃𝑐(𝑡) is total energy consumption of the automation
node.

A node is deemed energy independent if its remaining
energy satisfies the following formula:

𝐸 (𝑡) > 0, ∀𝑡 > 0. (6)

Depending on the application and location, a variety of
sources for energy harvesting have been researched [13, 14,
20, 21] such as a solar power and thermal, vibration, and
kinetic energy. Photovoltaic (solar) cell has the capability
of converting light energy into electrical energy. Several
research efforts have been conducted and so far have demon-
strated that photovoltaic cells can produce sufficient power to
maintain a microsystem. The vibrational harvesters use one
of threemethods: electromagnetic, electrostatic, or piezoelec-
tric. Piezoelectric energy harvesting sources alter mechanical
energy into electrical energy by straining a piezoelectric
material to complete energy harvesting solution optimized
for high-output impedance energy.This is well suited for low-
power WSN nodes, since it accumulates energy over a long
period of time to enable efficient use of short power bursts.
Summary of the most common energy harvesting sources is
depicted in Table 2.

All of the energy sources stated in the beginning have
small energy density values compared to more classic energy
sources, such as batteries. In the past, the use of radio
transceivers often implied large amounts of power consump-
tion. This is no longer the case today, as recent advances
in the design of low-power electronics and energy storage
have made wireless sensor networks a prime candidate for
the successful integration of energy harvesting techniques.
By analyzing the data from Table 2 we can see that solar
cells offer the best efficiency while at the same time being
an environmentally-friendly power source. In overall, photo-
voltaic energy conversion is a well-known integrated circuit
compatible technology that offers the highest power output
levels, when we compare it with the other energy harvesting
mechanisms. However, its power output is strongly depen-
dent on environmental conditions, that is, varying light
intensity due to the placement (indoor/outdoor). This can be
a suitable energy source for locations in which the availability
of light to network nodes can be guaranteed to a sufficient
degree and forwhich battery supply is impractical. For indoor
lighting, the main source of energy is the lighting system
itself. This may seem strange, but a solar energy harvesting
system can collect the light and store the energy in a battery
for use when it is dark, keeping a system running for year
without available.

A 6LoWPAN home node that has energy harvesting as
a supplement to the battery energy can maximize the life
time and virtually run for an infinite amount of time without
the need for periodically replacing its batteries. However,
total power output needed from energy harvesting depends
largely on energy consumption of the 6LoWPAN home node
application and the sensor used. In order to maximize home
node performance and satisfy energy independence, we used
3V, 70mA small polycrystalline silicon solar cell.
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Figure 6: Photovoltaic cell voltage measurement.

Figure 7: Air packet capture view.

4. Evaluation

We established energy harvesting system that can harvest
sufficient energy for the 6LoWPAN home device needs. To
successfully power our nodes we did the following experi-
ment: we measured the average output power on a fixed 1 kΩ
load when the cell was in full sunlight. The result of our
measurement is depicted in Figure 6. At noon, about 10 hour,
the voltage condition reaches stable energy level at 2-3V, so
can generate electricity to give enough storage capacity for
our energy harvesting system.

With an average power 87mW, we can calculate the total
energy harvested 𝐸𝑠 in one day by the solar cell:

𝐸𝑠 = 𝑃𝑠 × 𝑡𝑠 = 87mW × 10 h = 3132 Joule, (7)

where 𝐸𝑠 is total energy harvested from source, 𝑃𝑠 is total
power output from harvesting source, and 𝑡𝑠 is total duration
of energy harvested.

In addition to taking into account light sensors with
an additional 1mA at most and implying that no applica-
tion acknowledgment is implemented, our 6LoWPAN home
device consumed a maximum of 3mA at 3V from the power
source. The total energy consumption 𝐸𝑐 for the 6LoWPAN
home node to run without pause for the duration of a single
day will be

𝐸𝑐 = 𝑉𝑠 × 𝐼𝑐 × 𝑡𝑐 = 3V × 4mA × 24 h = 1037 Joule,
(8)
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where 𝐸𝑐 is total energy consumed by 6LoWPAN home
node, 𝑉𝑠 is power source voltage, 𝐼𝑐 is total average current
consumption by 6LoWPAN node, and 𝑡𝑐 is total duration of
energy energy consumed.

When the 6LoWPANnode is up and running in the home
automation network, we use the packet sniffer to visualize the
packet going over the air. Figure 7 shows air packet capture
view of our 6LoWPAN home automation node transmission.
The detail of various results and explanation of what is
happening in the home automation device during a data
transmission is depicted in Table 3.

At the same time, we also measure total average cur-
rent consumption measurements of our 6LoWPAN home
automation system during transmission of packets by using
the oscilloscope. Summary results of total energy consump-
tion for the data transmission without ACK, with application
ACK, data polling, and combining data packets are shown
in Figure 8. Our result proves that, given enough storage
capacity and enough incident radiation, solar energy har-
vesting can power a 6LoWPAN home node for an indefinite
amount of life time. Taking into account the fact that nodes
employ power management in the software stack, alternating
between long periods of sleep, and only short intervals when
they are active, there is actually energy independence with
excess energy produced. This additional energy is stored in
the battery pack to be consumed during the night or on
clouded days.

InTable 4, the detail comparison of our proposed solution
with relevant works in wireless home automation system is
shown.Our proposed system enables home users to check the
home automation device status and control them remotely
from the globe. In addition, the use of 6LoWPAN communi-
cations technology also helps lower expense of the system and
decreases complexity of the home automation architecture.
And then, by implementing solar energy harvesting we have
6LoWPAN-based home automation systemswhich have long
periods of life without the need for periodically replacing
their batteries.

5. Conclusion

We have presented in this paper our work to answer the
issues mentioned at the beginning of this paper. We pro-
posed the simple but reliable system that can control home
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Table 3: Current consumption detail.

Event Description Duration [ms] Current [mA]
(1) Waking up 45 0.68
(2) Processing data packet 25.6 30.2
(3) Transmit packet and receive ACK 16.6 78.6
(4) Request and receive ACK 21 98.6
(5) Postprocessing packet 18 29.4
(6) Request data (single poll) 29 94.3
(7) Prepare to sleep 6 26.4
(8) Set up radio 4.5 24.2
(9) Start CSMA-CA 5.2 90.8
(10) Switch from RX to TX 3 64.4
(11) Switch from TX to RX 2.9 62.3
(12) Prepare for deep sleep 21 24.2

Table 4: Feature in existing and proposed systems.

No. System Access Complexity Power management
Direct control at home Internet

1 Bluetooth, Sriskanthan et al. 2002 [3] √ Low Home power
2 ZigBee, Gill et al. 2009 [4] √ Low Battery
3 6LoWPAN, Dörge and Scheffler 2011 [7] √ √ Low Battery
4 Our proposed system √ √ Low Energy harvesting

automation devices over 6LoWPAN.The usage of 6LoWPAN
decreases complexity of architecture and low fiscal expense.
Transparent Internet-based home device controlling also can
be implemented. In our system, we proposed the use of TI
CC2530, low energy consumption SoC solution for 802.15.4
application combined with Contiki, an open source OS for
memory embedded systems which has connections with
digital ambient light sensors ISL 29023.The use of 6LoWPAN
home gateway provides smart platformwhile interconnecting
the home automation network, based on IEEE 802.15.4 and
6LoWPAN, with existing IPv6 network, based on Ethernet.

The important features of our 6LoWPAN-based home
automation system are long periods of life and energy
efficient, without the need for periodically/every 53 days
replacing its batteries. We designed the 6LoWPAN home
automation device with total energy independence by using
3V, 70mA small polycrystalline silicon solar cell for energy
harvesting. Given enough storage capacity and enough inci-
dent radiation, solar energy harvesting can power a 6LoW-
PAN home automation node for an indefinite amount of life
time.
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