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Abstract—In wireless sensor networks, battery life is a key
resource that must be conserved as much as possible. Nowadays,
the main way of achieve power saving in this type of circuits is to
implement low-power RF (Radio Frequency) circuitry and
network protocols that try to minimize the number of
transmissions by the air. We think that adaptation to RF
environment can minimize the power consumption and supply an
extra saving of energy in this type of systems. This paper presents
a power-saving method for wireless sensor networks with real-
time constrains. Description of an example of this type of systems
will be done in order to supply background where needs and
challenges will be presented. Then, method will be presented with
some results in order to obtain conclusions and an estimation of
future works and applications.

Keywords: RSSI, Wireless sensor networks, 802.15.4, Real-
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L INTRODUCTION

It is well known that energy saving is one of the main
issues of any Wireless Sensor Network (WSN). It is also
known that data communication is the major source of energy
expenditure, much higher than sensing or data processing [1].
Even idle listening (i.e., listening to receive possible traffic that
is not sent) is a concern: WSNs are characterized by low data
rates, so nodes can be in idle mode for most of the time and
therefore idle listening becomes one of the major sources of
energy waste in WSNs. A relatively simple way to save energy
is to keep awake nodes the minimum time required to exchange
data, switching off the radio during the inactive period. This
method is also called Passive Power Control (PPC) [2], as
opposed to Active Power Control (APC). APC does not switch
off the radio but achieves energy saving through energy-
efficient network protocols [2]. Some of the most interesting
APC techniques are based on adjusting the transmission power
according to the network operating conditions [3]. On the other
hand, APC may also be used not to save energy, but to improve
the reliability of a link by increasing the transmission power if
a low quality link is detected [4].

Similar techniques have been used in other types of
wireless devices, such as GSM [5,6] mobile telephones. In this
case, the station senses the link quality of terminals and sends
indications about the desirable transmission power to each
terminal. This centralized approach is desirable for star
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topology networks (like GSM) but it is not always desirable in
wireless sensor networks where mesh topologies are used when
a high quantity of nodes must cover an area. Moreover, placing
the sensing equipment in the station saved hardware costs in
terminals (telephones) given that, in mid 1990s, the cost of
including this circuitry in the telephone was too high. The
situation is very different nowadays, and link quality sensing
hardware can be found in a large range of products without
cost increase. This fact allows exploring de-centralized
solutions where more than one device can sense the link quality
and react individually.

Going back to WSNs, many commercially available
devices do include mechanisms to allow link quality sensing at
no additional cost. For instance, Received Signal Strength
Indicator (RSSI) is a standard feature found in many wireless
devices requiring no additional hardware and keeping power
consumption, sensor size and cost approximately at the same
level. Since distances between neighboring sensors can be
estimated from the received signal strength measurements, one
of the most common uses of RSSI is the localization of nodes
with respect to reference nodes or anchors [7]. However, there
are other potential uses of this indicator, especially those
oriented towards increasing energy efficiency in data
transmission. Most of them are based on an estimation of the
link quality using the received signal strength as the input of
the prediction scheme. This estimation allows reducing power
consumption by choosing a proper transmission power for each
packet transmission [3,4,8,9], as well as minimizing
interferences with other ISM devices [10], adapting data rate
[11], dynamically selecting routes [12], etc. A very recent and
extremely detailed experimental evaluation of many of these
issues can be found in [13].

This paper is devoted to show the application of APC
methods in a Real-Time WSN, the SemiWheelNav Sensor
Subsystem (SWN-SS) [14], although some of our results allow
applying it generally to other WSNs. SWN-SS is based on a
polling mechanism on top of the 802.15.4 standard. This
polling allows us to meet the real-time requirements of our
system. The main aim of this work is to show that it also allows
us to reduce the power consumption of the battery operated
nodes. This reduction will be estimated both analytically and
experimentally.



The paper is organized as follows: in section 2 a brief
description of basic concepts of the 802.15.4 standard will be
made. Then, in section 3 the SWN-SS will be briefly presented,
allowing us to show some characteristics that affect the design
of our power-saving method. In section 4 the method is
presented, and section 5 and 6 are devoted to results.
Conclusions and future work will be presented in section 7.

II.  802.15.4 OVERVIEW

802.15.4 is a de facto standard for wireless sensor networks
that tries to solve the problem of communicating low-cost
devices with minimum hardware and software complexity, as
well as increasing the battery-life of these devices to months or
years (with very fine-tuning of network protocol parameters, in
some cases). 802.15.4 achieves its objectives by implementing
a communication network designed for low power
consumption and, at the same time, with very scarce machine-
resources, that allow its implementation in very cheap circuits.

In the 802.15.4 standard there are several available
configurations [15]. Two different topologies can be used: Star
and Mesh (Peer-to-Peer). In the star topology, communication
is controlled by a PAN Coordinator, also called Zigbee
Coordinator-ZC. All devices (up to 255) communicate only
with the ZC. In the Peer-to-Peer topology direct
communication between devices is possible. Also, two
different synchronization modes are possible: beaconless and
beacon-enabled. On one hand, the beaconless mode is
essentially an unslotted CSMA/CA mode, where nodes can
send data to the coordinator at will. In case the coordinator
wants to send data to the node, then it must be invited by the
node to communicate. No time synchronization occurs in this
mode. On the other hand, in the beacon-enabled mode the ZC
periodically transmits beacon frames that establish a
superframe structure. In this superframe, devices may transmit
using a slotted CSMA/CA medium access, with an optional
Contention-Free Period-CFP (see Figure 1). Even if these CFPs
are not used, the periodic transmission of beacons provides a
way to synchronize all nodes. Also, it is possible to change the
duty cycle to achieve low power consumptions: the device,
upon receiving the first beacon, gets current superframe
structure and thus knows when to active its receiver for the
next beacon (just a bit earlier to save power). The device
periodically enables its radio to receive the beacon frame,
performs the required transmissions and then changes to a
lower consumption mode during the inactive period.

Therefore, generally speaking, when there are energy
and/or timing requirements, the right choice is the beacon-
enabled mode. Furthermore, when any node is mobile (i.e. not
fixed) the beaconless mode is not suitable because there is no
periodical beacons transmission, so the mobile node may
assume its association although it may have lost the link with
the coordinator [16]. In the beacon-enabled mode, if a node
does not receive a predetermined number of beacon frames
then it considers itself as an “orphan” node, beginning a
realignment procedure to get associated again with a
coordinator.

The beacon-enabled mode is currently limited to Star
Topologies, with a network coverage limited to the

transmission range of the Zigbee Coordinator, although several
attempts try to extend this mode to general Cluster-Tree
topologies [17]. However, we think that we can use twin
devices (composed by two 802.15.4 devices, one acting as ZC
and one as leave node) to implement a tree-structure of ZCs in
beacon enable mode, where camera nodes are connected to leaf
nodes of the ZC tree. This possibility will be not considered
now because it is out of the scope of this paper. So, in SWN-
SS, we limit ourselves to a star topology, beacon-enabled
configuration.

The standard 802.15.4 allows adjusting a lot of parameters,
including how much time the device must be waiting for new
packets (active part of superframe) and how much time the
device can be asleep (or simply, waiting). This way the
designer can adjust the system to his/her power requirements.
Another thing that can be done is to fix the device’s
transmission power. This parameter are kept at the beginning
of the device’s operation. After that, transmission power and
network parameters keep fixed. The basic idea is to reduce the
RF active power consumption up to the minimum required to
send a message to destination, ensuring its correct reception.
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Figure 1. 802.15.4 Basic superframe format (upper) and superframe with
inactive period (lower). This figure shows the relation between parameters SO
and BO, and the time between beacons.

III. THE SEMIWHEELNAV SENSOR SUBSYSTEM

In this section, we briefly describe the communication
subsystem of a prototype for a smart wheelchair guidance
system [14]. This system includes a Wireless Sensor Network
(WSN) that is the base to support indoor navigation of a
wheelchair. 802.15.4 is the wireless technology chosen to
support our system, so it can benefit from advantages like low
power consumption (mainly important for the mobile devices-
wheelchair, hand-held devices, etc.), large number of devices,
low installation cost, easiness to move and reconfigure public
buildings with relatively frequent repartitioning of space
(commercial buildings, hospitals, residences), etc.

The aim of SemiWheelNav is to use sensors that are
external to the wheelchair, that is, they are part of the
environment. These sensors, including CMOS cameras,
perform detection and tracking of a mobile object (wheelchair),
taking into account possible obstacles. Therefore, in the
simplest case, the system is composed by a WSN that has a



specific number of cameras, a network coordinator (ZC), and
one wheelchair. In this way, camera nodes placed on the
ceiling broadcast their obstacle information (a grid indicating
the position of obstacles) when ordered by the ZC. The ZC
gathers all the grids from the camera nodes and obtains both
wheelchair positions and obstacle information in order to make
a local/global navigation that allows avoiding obstacles. Then,
this information is processed and sent to the wheelchairs.
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Figure 2. Deployment of SWN-SS.

The system obviously has temporal requirements since our
objective is the real-time navigation assistance of a wheelchair.
For instance, on detection of environmental changes it is
required that a timely reaction takes place. A Time-Triggered
(TT) architecture is an interesting alternative: it is based on a
synchronous design, with each task and message planned a
priori in a static schedule. This approach has several
advantages: it provides temporal predictability, allows an easy
verification of the timing constraints, facilitates fault-tolerance,
etc. Furthermore, it makes it easier to implement the periodic
measurements required by the multi-sensor fusion approach.
And more important, as we will show in this paper, the power
consumption may be reduced.

A distributed TT architecture needs a common time base
shared by all the nodes. In our simple prototype (only one or
two cameras, static and relatively large obstacles, etc.) the
beacon-enabled Zigbee mode may provide this synchronization
as well as enough bandwidth to support our system, as we will
see in the following paragraphs.

In the nodes used in our prototype [18],Contention-Free
Periods (CFP) are not available. Nevertheless, given that a star
topology, beacon enabled configuration is used, it is possible to
implement an application that takes into account the timing
requirements of our system. Briefly, since all communications
must go through the Zigbee Coordinator, we let this ZC to
manage the order of transmissions. However, several nodes
may try to transmit at the same time when a beacon is sent by
the ZC, thus causing collisions. The standard tries to avoid
these collisions using a slotted CSMA/CA mechanism, waiting
a random number of backoff periods previously to any
transmission attempt.

But this mechanism cannot guarantee successful
transmissions with upper-bounded delays. Since the active
period of a superframe (so called Superframe Duration-SD) is
limited to 16 slots, it may occur that this period be insufficient

to accommodate all the necessary transmissions (for instance if
several nodes want to transmit). In this case, these pending
transmissions must wait for the next superframe, being
resumed after the next beacon frame. Depending on the duty
cycle, the inactive time may cause some timing constraints to
be violated. Furthermore, all collisions waste power and
bandwidth with useless transmissions.

In order to avoid this situation, we implemented a polling
scheme as an alternative approach to share the available
bandwidth. Of course, the ZC is the best candidate to perform
this polling. The usual way to send data from a coordinator to a
given node requires that first the node transmits a data request
message. The coordinator then sends an ACK and finally the
node is able to send its data. However, this mechanism does
not avoid more than one data requests from several nodes,
probably causing collisions. A simple solution is to let the ZC
transmit a kind of token to the selected node, whose address
must be listed in the beacon frame. This approach works in
such a way that only one node (the one that has previously
received this token) is allowed to transmit.

Briefly, the system works as follows (see Figures 2 and 3).
We have one Coordinator (ZC), a number of cameras on the
ceiling (C, to Cy, in this example N=2) and a wheelchair. We
assume that all these devices are situated within the
transmission range of the ZC, which periodically transmits
beacon frames defining the superframe structure. The ZC
includes in every beacon payload the address of the following
polled device. This polled device automatically sends its data
by means of broadcast packet(s) to the ZC. Nodes that don’t
see their address listed in the beacon frame may still be
interested in transmitting their data, but they must wait for the
token to be received before they are allowed to transmit.

First, camera C, is polled, so it is allowed to transmit the
grid map to the ZC with the free areas and the obstacles
detected by camera C,. The grid map may occupy several
802.15.4 frames. For instance, 3 messages are needed in our
case.

These frames are transmitted with no competition from
other nodes since only the node that received the token is
allowed to transmit. This polling policy can be described as an
Exhaustive Limited Service Round Robin policy: every node
sends all its pending data, with the limit of the superframe
duration (more than enough for typical grid sizes).

In the following superframe, the ZC polls camera 2 by
sending its address in the next beacon and then camera 2 is
allowed to transmit its information to all nodes of the WSN
(including the wheelchair/s). At last, obstacle information is
sent to the wheelchair, so ZC sends a beacon with the
wheelchair’s address and sends data.
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Figure 3. Polling mechanism for two cameras and one wheelchair.




IV. TRANSMISSION POWER CALCULATION

Since power-saving is one of the most important issues in
any WSN, it would be interesting that all sending devices
powered by batteries adjust their transmission power in order
to save energy. This is the case of the cameras and the
wheelchairs. The main idea of the method described in this
section is that, based on an estimation of the link quality, these
devices can make decisions about how much transmission
power must be used. This decision-making must be done as
quickly and as efficiently as possible. So, given the scarce
resources (battery, memory, and computing power) available in
these devices, a balance between resource consumption,
computing time and suitability to our application must be
achieved. These issues influence the way we estimate link
quality and transmission power.

RSSI is a good estimator for link quality and it is
implemented in the devices that we use in our system [19]. In
TI-CC2430, RSSI can be obtained for every received packet, as
the mean of 8§ RSSI samples measured at packet reception. If
the minimum number of samples is not achieved, RSSI is
indicated as failed and not used in our calculations.

Once we have a valid RSSI from ZC, the calculation is
done taking in mind that the objective is to send the next
message with enough power to be received correctly. We name
this parameter desired RSSI (RSSIy). RSSI, is calculated taking
into account the physical characteristics of the received signal
in order to estimate the signal attenuation. Therefore, a
propagation model has to be considered. There are a lot of
choices for the propagation model [20] (Rayleigh, Ray models,
Rician, AWGN). In our system we need a model which
includes important effects like attenuation, but simple enough
to meet our real-time and power consumption restrictions.

Therefore, as a first approximation, we have chosen a
simple log-normal shadowing model [21]:

RSSI = PT - PL(d()) — lOnloglo(d/dO) + XG (1)

Where, RSSI is the RSSI received from the current packet,
Pr is the transmission power employed to transmit the current
packet, P;(dy) is the path loss at distance dy, n is the path loss
exponent and X, is a Gaussian random variable with zero mean
and o” variance to model the Additive White Gaussian Noise
(AWGN). The value of dy, n and P;(dy) must be estimated
empirically, depending on the environment (obstacles, free
space, walls, etc.). A general form of eq. (1) is:

RSSI=Pr- S;+ X, )

where S| is the signal loss. Note that (2) ignores the nature of
physical effects suffered by the signal and the value of
variables commented before. It only tries to estimate how much
power is lost in the reception. So, if Pris known (because we
know the default transmission power applied) and RSSI can be
measured directly from the device as we commented above, S
can be easily obtained. Therefore, the new value for the
transmission power P1’, the power needed to successfully reach
the destination, can be expressed as a function of the desired
RSSI at the other part of the communication:

Py’ = Py — RSSI+ RSSI, + X 3)

As can be seen, X, explains the variance of RSSI due to
AWGN. In order to give a stable estimation of next
transmission power P1’, a correction must be made in eq. (3).

Py’ =Pr—RSSI,y + RSSI; + X,¢ 4)

Where RSSI,y is the average RSSI of the past n packets. In
figure 4 an example of RSSI measurement of a moving device
is shown.
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Figure 4. RSSI measurements (in dbm) and their average over 10 samples
vs time for a moving device during a time period of 2 minutes.

Fig. 4 shows the RSSI measurements of each received
packet in black (narrow line) and the average of the past 10
packets is shown in red line with shapes. As can be seen, RSSI
measurements tend to suffer sudden variations that cannot be
predicted. However, the average of the measures shows a more
stable behavior that can be more easily predicted. It is for this
reason that we use the average RSSI to compute the
transmission power. Of course, the more samples used to get
the average, the less abrupt variations in RSSI. In Fig 5, 50
measurements are used to make the average.
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Figure 5. RSSI measurements averaged over 50 samples (in dbm) vs time for
a moving device during a time period of 2 minutes.

So, from the point of view of a camera node, RSSI must be
computed averaging over the past n values and then, the
estimation of next transmission power is done taking in mind
the desired reception power level at the coordinator. The value
of n can be fixed and determined experimentally, or can be
changed dynamically, in function of the desired smoothness of
RSSI curve.



Of course, other methods could be used to estimate and/or
predict the RSSI [22], like linear regressions, quadratic
regressions, adaptive filters, ARIMA models, LMMSE models,
etc, but we have to take in mind that more complex algorithms
for RSSI calculation would require more resources and would
take more time (with the risk of breaking the real-time
constrains of our system). Also, we have to take in mind the
unpredictable nature of AWGN, and the fact that the most
relevant parameter is the trend of RSSI and not its instant
values. For this reason we have chosen the average as an
efficient estimation of RSSI to be used in the calculation of the
power for the next transmission.

From the point of view of a Wheelchair, processed
information is received from the ZC and no transmissions are
needed so, this method is not applicable to this case.

V. EXPERIMENTAL RESULTS

In this section, a small experiment of application of the
power saving method is shown. By means of it, we will have a
way to compute the amount of the power saved and to compare
the energy wasted with and without the implementation of the
method described above.

The experiment implements a SWN-SS with one
coordinator and a number of camera nodes disposed spatially
in a radial configuration at a constant radius » from the ZC. As
said before, wheelchair nodes are not included in our
experiment because they do not use the power-saving method.

Measurements are taken from ZC and one camera (the
reference camera node), because the rest of cameras have a
similar behavior given that they are at the same distance from
the ZC as the reference camera. On the other hand, we collect
in ZC the RSSI received from reference camera packets. In the
camera, we collect the following data:

e  RSSI received from ZC beacons
e  Average received RSSI
e Calculated transmission power.

Figure 6. Experiment’s Spatial configuration with 6 cameras.

First, we must study the nature of the energy saving in our
system. The power consumption in camera nodes can be
broken into two parts. The first one is constant, the power
consumption produced by the parts of the circuitry that are
always active. The second one is variable and is the power
consumption due to elements that can enter in low power
mode. In our case, these elements correspond to the RF
circuitry. Also, we have to take in mind that the RF circuitry
waste power in both reception and transmission and that we

only obtain benefit by controlling the transmission power.
Let’s see a power consumption waveform from one camera,
operating with SO=0 and BO=3, with a power transmission of
-19dbm.
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Figure 7. Power consumption waveform at camera when RF is active, with
reduction of transmission power.

In figure 7 we can see the constant part of the current
consumption that is the baseline of the waveform. Only when
RF circuitry becomes active the current consumption grows up
to 30.5mA that is the power needed to receive (the small hole
found before the transmission corresponds to beacon
reception). Only when the camera transmits a packet,
consumption can be lowered, as shown by the short period with
a lower value between the two “mountains”. The rest of time
that RF is active is due to the device waiting for a packet. In
this state the RF circuitry must be switched on in order to be
ready for receiving a packet. So, initially, the origin of our
power saving is that short period of time when the camera
transmits. This is only 3.6ms out of 15.6ms of the total RF
active time. The rest of time, RF circuitry keeps inactive until
the time the next superframe is received.

The total amount of current saved in an experiment with
duration T can be calculated once the transmission power of
each packet sent during the experiment is known. In Fig 8, the
relation between TX power and intensity consumption is
shown. The CC2430 is capable of delivering transmission
power between -25dbm and Odbm, but this delivering is not
linear because of the logarithmic nature of power unit.
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Figure 8. Transmission Power vs wasted Intensity for TI-CC2430DB.

The electric consumption per packet sent by the camera is:



EC= (259-259)0.015I5456+(25%0.015- TX1) It TX 1 Itx (5)

Where SO is the superframe order, BO is the beacon order,
Igasg is the intensity wasted when RF is inactive, TXr is the
time of a packet transmission, Izx is the intensity wasted on
packet reception, and Irx is the intensity wasted on packet
transmission, which is controlled by the power-saving method
and depends on the values of fig. 8. Note that we use the
default value for aBaseSuperframeDuration=15.36ms~0.015s.
This way, the total electric consumption of the experiment is
the sum of all ECs computed by eq. (4). If no power-saving
method is applied, the EC and the energy saved in one packet
are given by the following equations, respectively:

EC’ = (25°-1)0.015I545:+(2%%0.015)Irx (6)
ECsavep = TXt (Igx - Itx) @)

Note that in our devices the intensity wasted on packet
transmission is by default the same as the intensity wasted on
packet reception.
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Figure 9. Waveforms at 2m (upper part) and 4m (lower part) of distance
respectively between ZC and camera. Upper line: Camera TX power. Middle:
Camera RSSI. Lower: ZC RSSI. Desired RSSI = -65dbm. The power
consumption of devices without power control is constant (-4dbm).

As an example, we show in fig. 9 the power control method
applied to a camera node that has a desired RSSI of -65dbm.

Two experiments were made placing at open air both devices at
2 meters and 4 meters of distance between them. In each
experiment, 3 people crossed the line of sight (LOS) between
devices in order to produce some signal variations. The
duration of each experiment was approximately 2 minutes. The
duration of packet transmission was 3.6ms. Experiments were
made using two Texas Instruments CC2430DB development
boards. Desired RSSI (-65dbm) was chosen to be comfortably
over minimum threshold needed for correct reception: -80dbm
in this case. The default transmission power is -4dbm in these
devices (without transmission power control).

Transmission power always remains below of the default
transmission power (-4dbm), achieving a power saving in all
cases. Note that when an obstacle crosses the LOS (right side
of Fig. 9), the power control system increases the transmission
power in order to compensate the loss in the received signal. In
general, wide variations of RSSI due to obstacles in LOS are
compensated by TX power control. However, small variations
due to AWGN are ignored by the RSSI estimation but this is
not a drawback because it allows the RSSI received by the ZC
to be fixed within acceptable limits. Finally, the smaller the
distance between the devices, the greater the energy savings
achieved. Ignoring these transient obstacles, we can take an
average transmission power, and then the saved electrical
consumption can be estimated as a ratio of the whole energy
consumption:

ECsaveratio = 1- (EC/EC?) ®)

H%

Figure 10. Saved energy ratio vs transmission power for SO=0 and BO=0
(upper line at left side) BO=1, BO=2 and BO=3 (placed below, respectively).
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Fig. 10 shows the energy saving ratios calculated for
several values of BO. The lowest power consumption in the
default 802.15.4 is obtained by fixing SO to 0. Therefore, we
compare our approach with the default 802.15.4 in this case
(SO=0), reducing to the minimum the time that RF circuitry is
active. So, increasing BO we increase the time that the RF is
inactive because no more transmissions are expected. In fact,
the power-saving ratio is low even in the best cases, and it puts
on evidence the small fraction of power saved in relation with
the whole power wasted having RF circuitry active.

VI. IMPROVING THE POWER-SAVE RATIO

An improvement proposed to solve this issue is to reduce
the time that RF is active after the transmission of the packet.



In SWN-SS, due to the MAC polling scheme described in
section III, a camera will not receive any additional packet in
the same superframe after its packet transmission. Because ZC
makes a round robin polling over the cameras, once a camera
have sent its packet it is for sure that no more packets are
expected until the ZC carry out the new poll by means of the
next beacon packet. Furthermore, if the superframe’s beacon
doesn’t contain the camera’s address, then there will be no
interesting information to receive, so the camera can turn off its
RF circuitry immediately after beacon reception.

T e

Figure 11. Composition of waveforms (for comparative purposes) of power
consumption of one camera with improved power savings. From top to
bottom: A= TX power reduction only. B= RF activity after TX reduced. C=
reduction of RF activity after a non-interesting beacon. D= reduction of case
B, and reduction of RF activity between beacon RX and TX.

Therefore, the second submit in fig. 7 can be lowered to the
baseline simply turning off the RF after the transmission.
Furthermore, some time between beacon reception and packet
transmission can be saved also. In the case of a non-interesting
beacon reception, camera can turn off its RF immediately after
the beacon reception. In fig. 11, all cased exposed above are
compared graphically. The first waveform shows a camera
implementing only TX power reduction. Second one
implements reduction after TX, additionally. Third corresponds
to the reception of a non-interesting beacon, reducing its power
after beacon reception and decoding, and Fourth shows a more
optimized camera that receive an interesting beacon reducing
power after beacon reception, packet transmission, and after
packet transmission. Note that in this latter case, not all the
power between beacon reception and packet transmission can
be saved due to the response times of circuitry. So, for the last
two cases, the eq. 5 becomes (assuming that both summits of
first case are identical in the average):

EC=[(28°-259)0.015Igas: + ((25°:0.015-TX1)/2-BETX)Ipx+
((2%°:0.015-TX1)/24BETX1)Igase + TX7 I +
N((2°°-2%%)0.0151pase +(2°°:0.015- Br)(Ipase) + Brrx)I/N (9)

Where Br is the time elapsed from the beginning of RX
activity to the end of beacon reception, BETXr is the period of
time between the end of beacon reception and the beginning of
packet transmission that can be reduced to base intensity, and
N is the total number of devices (cameras and wheelchairs) in
the network. The new curves of saved-energy ratio are shown
in figure 12. This time, at the same SO and BO, the more

devices in the network, the more power is saved. The energy
saved on transmissions has no relevance because it becomes
smaller as increase the number of devices. Therefore, the only
relevant parameters are the number of devices and the ratio
between RF active and inactive time existing between two
beacons (determined by BO). Anyway, the increasing of
number of devices produce minor variations in the energy save
ratio, because the most of the wasted energy is produced in the
RF inactive time, as BO increases. Fig. 12 shows the small
variation between networks of two, six and 255 devices
(maximum allowed in 802.15.4). With this solution, we can
obtain up to a 57.5% of saved energy, applying the enhanced
method, in the best of cases. It seems that it is not necessary to
apply the transmission power control to obtain a good power
save ratio. However, the reduction of transmission power
implies other benefits to our system, like a better coexistence
with other networks that uses the same frequency spectrum as
told in [4].
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Figure 12. BO vs improved saved energy ratio for SO=0 at maximum
transmission power for networks with N=2 (lower, dotted) N=6 (middle), and
N=255 (solid).

VII. CONCLUSIONS AND FUTURE WORK

This paper we propose a power saving method
implemented in an Ambient Intelligent Wireless Sensor
Network that uses a modification of the standard 802.15.4
MAC protocol to obtain predictability on maximum packet
delay time. Although the experimental results probe that the
method reduces efficiently power transmitted and ensures a
minimum signal level, the power reduction on transmission is
not enough due to the small fraction of power that can be
reduced. Therefore, this method is useful only when
transmission time is the main part of RF active time. The TT-
architecture used in our system allows to greatly reducing of
the RF active time and it reveals major improvements in our
power-saving ratios. So, combining both methods, battery-life
and network coexistence can be improved, maintaining the
real-time constrains of our system at the same time. The study
presented above shows that the major source of power waste in
this kind of devices is the inactivity RF time. In 802.15.4
devices, several inactivity modes can be used in order to reduce
this waste but (in fact, we use one of them) only the hibernation
mode has a power leak low enough to bring better power-saved
ratios. However, the drawback of hibernation mode is the loss
of network synchronization, the necessity of external stimulus
to exit from this mode and the time expended to awake the
entire system.



All these reasons lead us to believe that a Time Triggered
architecture implemented by means of 802.15.4 beacon-
enabled mode has demonstrated to be useful to achieve
reduction of energy consumption at the same time that real-
time predictability. 802.15.4 beaconless mode can be used to
save energy employing hibernation modes but it’s very difficult
to achieve real-time predictability for these kind of networks.

Future works in energy saving must be addressed to
implement best hibernation modes with lower power leaks,
without the drawback of current hibernation modes. Also, long-
term signal prediction can be useful, in order to decide when
it’s worth to active the RF circuitry (or to exit from the sleep
mode). A lot of techniques exists to predict the future signal
conditions, but we have to take in mind the real-time constrains
of these kind of systems at time to implement one of them. On
the other hand, signal prediction can be used for another
network layers in order to take decisions about routing, or can
be used as a parameter to organize a time scheduling for
sending data in the best possible conditions.

REFERENCES

[11 1. Akyildiz, Y. Su, W. Sankarasubramaniam, and E. Cayirci. “Wireless
sensor networks: A survey”. Computer Networks, Elsevier, vol 38 p393-
422, December 2002.

[2] N.A. Pantazis, D.J. Vergados, D.D. Vergados, C. Douligeris. “Energy
efficiency in wireless sensor networks using sleep mode TDMA
scheduling”. Ad-hoc Networks, Elsevier, vol 7(2), p322-334. 2008.

[3] S.M. Mahdi Alavi, M.J. Walsh, M.J. Hayes. “Robust distributed active
power control technique for IEEE 802.15.4 wireless sensor networks —
A quantitative feedback theory approach”. Control Engineering Practice,
Elsevier, vol 17, p805-814. 2009.

[4] L.H.A. Correia, D.F. Macedo, A. L. dos Santos, A.A.F. Loureiro, J.M.S.
Nogueira. “Transmission power control techniques for wireless sensor
networks”. Computer Networks, Elsevier, vol 51, p4765-4779. 2007.

[5] ETSL GSM 03.34, High Speed Circuit Switched Data (HSCSD), version
5.0.1, 1997-04.

[6] S. Agarwal, S. Krishnamurthy, R. Katz, and S. Dao. “Distributed power
control in ad-hoc wireless networks”. Proceedings of Personal, Indoor
and Mobile Radio Communications 2001, IEEE, vol 2, p59-66. 2001.

[71 M. Mao, B. Fidan, and B. Anderson. “Wireless sensor network
localization techniques”. Computer Networks, Elsevier, vol 51(4)
p2529-2553.2007.

[8] J. Zhang, J. Chen, Y. Sun. “Transmission power adjustment of wireless
sensor networks using fuzzy control algorithm”. Wireless
Communications and Mobile Computing, Wiley & Sons, vol 9(6) p805-
818.2008.

(9]

[10]

(1]

[12]

[13]

[14

finar)

[15

[}

[16]

[17]

[18]

[19]

[20]

(21]

S. Lin, J. Zhang, G. Zhou, L. Gu, J.A. Stankovic, T. He. “ATPC:
adaptive transmission power control for wireless sensor networks”.
Proceedings of the Fourth International Conference on Embedded
Networked Sensor Systems, ACM Press, p. 223-236, 2006.

N.H. Mahalin, H. S. Sharifah, S.K. Syed Yusof, N. Fisal, R.A Rashid.
“RSSI Measurements for Enabling IEEE 802.15.4 Coexistence with
IEEE 802.11b/g”. Proceedings of TENCON 2009, IEEE p1-4. 2009.

S. Lanzisera, A.M. Mehta, K.S.J. Pister. “Reducing Average Power in
Wireless Sensor Networks Through Data Rate Adaptation”. Proceedings
of the ICC 2009, IEEE, p1-6. 2009.

X. Long and B. Sikdar. “A Real-time Algorithm for Long Range Signal
Strength Prediction in Wireless Networks”. Proceedings of WCNC
2008, IEEE, p1120-1125.2008.

K. Srinivasan, P. Dutta, A. Tavakoli, P. Levis. “An empirical study of
low-power wireless”. ACM Transactions on Sensor Networks. Vol 6(2),
Article 16, p49. 2010.

J.L. Sevillano, D. Cascado, D. Cagigas, S. Vicente, C.D. Lujan, F. Diaz
del Rio. “A Real-Time Wireless Sensor Network for Wheelchair
Navigation”. Proceedings of 7th ACS/IEEE Int. Conf. on Computer
Systems and Applications, IEEE, p103-108. 2009.

IEEE standard 802.15.4-Part 15.4: Wireless Medium Access Control
(MAC) and Physical Layer (PHY) Specifications for Low-Rate Wireless
Personal Area Networks (WPANS). September, 2006.

K. Zen, D. Habibi, A. Rassau and I. Ahmad. “Performance Evaluation of
IEEE 802.15.4 for Mobile Sensor Networks”. Proceedings of 5th IFIP
Int. Conf. on Wireless and Optical Communications Networks,
WOCN'08, IEEE, p1-5. 2008.

A. Koubaa, A. Cunha and M. Alves. “A Time Division Beacon
Scheduling Mechanism for 802.15.4/Zigbee Cluster-Tree Wireless
Sensor Networks”. Proceedings of 19th Euromicro Conf. on Real-Time
Systems, ECRTS’07, IEEE, p125-135. 2007.

Texas Instruments 802.15.4 MAC Application Programming Interface,
Version: 1.1. Document Number: F§W-2005-1503. March 19, 2007.

K. Srinivasan, P. Levis. “RSSI is under appreciated”. Proceedings of the
Third ACM Workshop on Embedded Networked Sensors (EmNets
2006), IEEE, 2006.

A. Neskovic, N. Neskovic, and G. Paunovic, “Modern approaches in
modeling of mobile radio systems propagationenvironment”. IEEE
Communications Surveys and Tutorials, IEEE, vol. 3, no. 3, 2000.

D. Lymberopoulos, Q. Lindsey, A. Savvides. “An empirical
characterization of radio signal strength variability in 3-d ieee 802.15.4
networks using monopole antennas”. LNCS, Springer, vol. 3868, p326—
341. 2006.

M.F. Zhani, H. Elbiaze, F. Kamoun. “An empirical evaluation of short-
period prediction performance”. Proceedings of the 12th international
conference on Symposium on Performance Evaluation of Computer &
Telecommunication Systems, IEEE, p347-354. 2009.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF00540068006500730065002000730065007400740069006e00670073002000610072006500200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200036002e003000200061006e00640020006d0061007400630068002000740068006500200022005200650071007500690072006500640022002000730065007400740069006e0067002000660069006c0065007300200066006f00720020005000440046002000730070006500630069006600690063006100740069006f006e002000760065007200730069006f006e00200034002e0030002e>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


