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Abstract: In this study, we propose a cross layer jomt routing and MAC-PHY design to achieve energy balance
and energy efficiency simultaneously in Wireless Sensor Networks (WSN). The energy balanced routing
distributes the levels of residue energy evenly throughout the networlk, while the optimal transmission power
control achieves further energy savings by adjusting transmission power to meet communication quality
requiremnent at the receiver. Further more, we have implemented the proposed approach into TinyOS component
running on Tmote-Sky sensor nodes. The results of owr experimental study clearly show that the proposed the
cross layer approach with energy balanced routing scheme and optimal power control improves energy

efficiency while achieving energy balance as well.
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INTRODUCTION

Energy consumption is a critical issue in Wireless
Sensor Networks (WSN), because sensor nodes are
powered by batteries which are not rechargeable in
many applications. The smooth operation and energy
efficiency of any WSN depends, to a large extent, on the
effectiveness of Routing, MAC and PHY layers’
responsibility. Recently, there have been many research
activities in desigming energy-efficient commumcation
protocols for wireless sensor networks. Many protocols
i the literature focus on finding mmimum energy
consumption paths for transmission and neglect the
survivability of the whole network. Although these
minimum energy consumption approaches may minimize
energy consumption per packet, they can forward many
packets using small mumber of popular paths. Therefore,
energy consumption of the nodes on these paths waill
increase quickly and there would be a wide difference in
the levels of the residual energy throughput the network.
This will decrease the overall performance of the network
and eventually partition the network mto multiple sub-
networks.

In this study, we propose and evaluate a new cross
layer paradigm, where routing and MAC-PHY layers are
jointly considered and optimized not only to achieve
energy efficiency but also energy balance. The proposed
optimal transmission power control dynamically adjusts
the level of transmission power to meet signal strength

requirement and Bit Error Ratio (BER) at the receiver end.
The proposed energy balanced routing schemes choose
the next hop based on neighboring nodes” residue
energy, which distributes the energy consumption more
evenly through the network.

There are many routing schemes designed for mobile
ad hoc networks and wireless sensor networks. The
protocols presented in previous researches (Parka et al.,
1997, Perkins et al., 1994) use a shortest path to deliver
packets. The problem of this approach 1s that the selected
shortest path might not be a minimum energy cost route.
Some other works concentrate on decreasing the energy
consumption by replacing the hop-count routing with
minimum energy routing (Banerjee and Misra, 2004). They
compute a minimum-energy path for packet delivery in a
multi-hop wireless network. However, the nodes on this
path will get depleted soon.

The Directional Source-Aware Routing Protocol
(DSAP) in (Salhieh and Schwiebert, 2004; Salhieh et o,
2001) incorporates power considerations into routing
tables. This algorithm assumes that each node aware of its
location. In DSAP, each node has a umque 1dentifier that
is called a directional value (DV). The DV represents the
location of each node in the network with respect to its
neighbors. These values can be determined in the setup
phase of the network.

Another algorithm is proposed, which takes the
remaining battery of each node into consideration
{(Chokhawala and Cheng, 1998). The mam idea 1s to
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combine the Existing Power Aware Metrics and cost-
aware Metrics. This protocol introduces a threshold value
for the remaimng battery power of the nodes. While
selecting a route, nodes with battery power greater than
the threshold will only be considered. Tt would then go on
to compute the minimuni power cost route.

The protocols presented by (Shah and Rabaey, 2002)
amend the shortcomings of the above algorithm. They
consider the energy consumption and battery power and
then probabilistically choose a route. This ensures that
the optimal path does not get depleted and the network
degrades pgracefully as a whole rather than getting
partitioned. To achieve this, multiple paths are found
between source and destinations and each path is
assigned a probability of being chosen, depending on the
energy metric. When a packet 13 to be sent from the
source to destination, one of the paths is randomly
chosen depending on the probability distributions. This
means that none of the paths is used all the time. Also
different paths are tried continuously, improving tolerance
to nodes moving.

On the other hand, few previous works address
optimal power control in WSN, although here are
extensive researches related to dynamic power control
have been conducted extensively for general wireless
network system (Sung and Wang, 2001; Kim et al., 2003)
and they aim to reduce interference and increase
charnel capacity. However, besides the implementation
complexity, an extension of this scenario to WSN with
power efficiency does not necessarily lead to energy
efficiency, let alone energy balance in WSN due to high
redundancy, unfortunately.

As a result, the dynamic power control schemes n
these works are not suitable for WSN. Using spreading
gain can achieve low power; however, it does not
necessarily result in low energy consumption. In contrast,
owr approach is to fine tune a simple WSN communication
platform and mampulate the power supply and achieve
the sigmficant energy efficiency.

The major difference between ow work and the
existing approaches for dynamic power control in wireless
networks (in the contexts other than WSN) is that we are
intensively focused on improving WSN energy efficiency.
This higher-priority goal leads to two important design
principles different from the earlier ones are: (1) WSN PHY
explores optimal transmission power to meet desirable
BER requirement, which in tun achieves energy efficiency
(2) WSN routing provides energy balance to improve the
whole network performance.

OPTIMAL TRANSMISSION POWER CONTROL

In wireless signal transmission, one of major sources
of loss is attenuation. Fundamentally, communication
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range decreases as the transmission data rate increases,
considering all other factors being held equal. The signal
loss can be expressed as follows (Stallings, 2004), where
d is the distance and 4 is the wavelength.
2
L= 101og[4;:d] db (1

As we can see from the previous formula, the
strength of radio signal decreases as the distance
increases. The desirable BER value can be mapped into a
desirable SNR value for a given modulation scheme and
the desirable SNR value required by a given data rate
increases with the data rate. That 1s, if data rate increases,
the probability of error also increase and then a higher
SNR value 15 required at the transmitter to aclueve the
same BER at the receiver. Thus, power supply increases
with the SNR value. However, there 1s maximum power
supply limited by the hardware and then maximum SNR
value.

According to the AWGN communication channel
analysis, the SNR value recuired at the receiver end can
be calculated from the BER value once the modulation
scheme is determined. The relationship between BER and
SNR for BPSK and QPSK (Haykin, 1994) 15

E,
I\ID

BER " = BER ¥ = %erfc( ) (2)

where BER is nonlinear inverse proportional to the energy
per bit and the noise power density ratio. So, the ratio of
energy per bit to the noise power density can be
calculated from the BER value as follows, for BPSK
modulation schemes:

BPEK

3)

Eo L [erfc'l (2- BERBFSK)T
N

1]

For QPSK modulation scheme, the ratio of energy per
bit to the noise power density is expressed as:

QPSK

=[erfe?(2- BER¥ )T (4)

Ey

T‘JD

The equation shown above gives a theoretical
relationship between BER and the ratio of energy per bit
to noise power per Hertz. It only gives the relationship

between BER and ratio of energy per bit to noise power
per hertz and the relationship between BER and SNR is
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anticipated, because channel loss is based on SNR
calculations. The following Eq. 5-9 give the relationship
between SNR and the ratio of energy per bit to noise
power per Hertz (Stallings, 2000). Ps is the power supply
of transmit radio, Tb 1s the transmission time of one bit, R
is the data rate in bite per second, b is constellation size
or bit per symbol, Rs 1s the symbol rate, N is the noise
power m the specific bandwidth defined by Rs. Equation
5 gives the per bit energy consumption:
E,=Ps-T, (5)
Equation 6 expresses the transmission time of each

bit corresponding to the specific transmission rate.

(6)

1
ThE

The transmission rate can be explicitly determined
by the transmission symbol rate and modulation
constellation size:

R=Rs-b (7)

The noise power can be expressed as the noise power
density and transmission symbol rate:

N=N,-Rs (8)
As a result, the signal to noise ratio is related to

specific modulation constellation size and ratio of energy
per bit to noise power per hertz:

b

SNR ©)

E, )
NU
The formulas 5-9 give the foundation that SNR at the
receiver that can be acquired from the BER threshold and
modulation schemes. The relationship between transmit
power Ps and the SNR value at the receiver end is given

m (10), where A is the chammel attenuation factor
including entenma gain in transmission (Srivastava, 2001 ):

Ps

SNR_=-".A (19
N

So the optimal transmission power in terms of specific
desirable BER at receiver end can be expressed as follows,
according to Eq. 3-10.
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PS:SNRTX-N-l
A

:SNRIX.RS.& (11)
A

N, E
ND

=Rs-b-

Where the factor A is the product of antenna gain k and
the channel loss, expressed by Eq. 12. Theoretically,
channel loss 1s related to distance between sensor nodes:
A=kxL" (12)

From the equations shown above, we can derive the
optimal transmit power for BPSK and QPSK expressed by

BER at the receiver end, to meet specific commumcation
quality, i.e., desirable BER requirement:

PsFPEROPSE _ po . [erfc’l (2 . BER FPX.QPSK ):|2 & (13)
A

The signal strength at the receiver end can be
acquired from the strength field of TOS Msg packet and
can be fed back in the beacon message to let the
transmitter know the received signal strength. Of course,
several signal strength values may be aggregated into one
beacon packet. Based on the received feedback, the
transmitter either increases or decreases the transmit
power. If the signal strength at the receiver 1s too lugh, it
gradually reduces transmission power until the signal
strength at the receiver is slightly above the threshold
level.

ENERGY BALANCED ROUTING

Now it is described that the proposed cross routing-
mac-phy approach and design-implementation details.
The energy aware routing has been proposed (Shahand
Robaey, 2002), but it 1s not in a cross layer paradigm and
energy efficiency can be further improved by the
proposed approach. We apply the proposed optimal
transmission power to radio module in dynamic power
scaling method to the energy balanced routing, to achieve
further energy savings. Fach node maintains the amount
of residual energy for its neighboring nodes, then
calculate the costs of the links to each neighbor and
selects next hop based on the calculated link costs.

Since the calculation of these link costs brings
additional overheads, the proposed protocol chooses the
next-hop using the statistical residual energy. The
residual energy of a node 1s recursive defined as following
formula 14:
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acceptable transmit power to send data packets.
Therefore, the energy consumption can be reduced
compared to the transmission scheme using maximum
transmission power. The energy balance 1s achieved by
energy balanced routing and the energy saving is
achieved by optimal power scaling.

CONCLUSION

In this study, we propose a new cross layer paradigm
to achieve energy balance as well as energy efficiency
simultaneously. In the proposed approach, energy
efficiency is significantly improved by optimal
transmission power control and energy balance is
achieved by the energy balanced routing. We implement
the proposed design and two other routing schemes mto
TinyQS compoenents in NesC language and conduct the
experimental study to evaluate the performance of the
proposed scheme. The results of our experimental study
clearly show that the proposed approach improves energy
efficiency while achieving energy balance as well. This
work can serve as a generic TinyOS component for
optimal power scaling and can be incorporated into other
communication modules that need to conserve energy
through optimal transmission power control.
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