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ABSTRACT

The use of sensor networks should keep developimanly in such fields as
scientific, logistic, military or healthcare apg@itons. However, sensor size
represents a significant limitation mainly in terro§ energy autonomy and
therefore of life period, for the batteries havé#otoo tiny. This is the reason why
intensive research is being conducted nowadaysoantt control sensor energy
consumption within a network, taking communicatiant® account as a priority.
For this purpose we propose a method to calc@atrgy consumption within
linear wireless sensor networks, according to tht dlow rate, the number of
nodes and the distance between them. Furthermerbawe succeeded in reducing
energy consumption within linear sensor networlk&lenup with nodes featuring
differing data flow rates.

Keywords: Wireless sensors networks, Clustering, Energy uwmnsation,
Routing..

1 INTRODUCTION neither replaceable nor rechargeable. It may be
partially fed by energy generating units such as
Wireless sensor networks are a novel technology photo-voltaic cells. As it is small, it provides a
emerging from embedded system, sensor technologylimited quantity of energy of the order of 1 to IaJ
and wireless networks. The rapid deployment, self- node (acquisition). Thus, it limits the sensor tifee
organization and fault tolerance characteristics of and influences the overall network working process.
wireless sensor networks make them a very
promising sensing technique for military, Energy is a factor of outmost importance in WSNs.
environmental and health applications [1]. However To increase network lifetime, energy must be saved
finite, generally irreplaceable power sources in in every hardware and software solution composing
sensor node limit lifetime of the whole system. 8om the network architecture. According to the radio
researches have proven that sensor node expendsnodel proposed in [5], data communication is
maximum energy in data communication [2]. A responsible for the greatest weight in the energy
sensor network is a distributed system made up with budget when compared with data sensing and
a large number of small sensors, equipments, low processing. Therefore, it is desirable to use short
power transmitters-receivers, without a central range instead of long-range communication between
processing unit. One of the major problems in these sensor nodes because of the transmission power
networks consists in reducing energy consumption to required. In most WSN scenarios, events can be
a minimum in such a way as to maximize a network sensed by many source nodes near the phenomenon
life time [3]. Recent advances in the IC technology of interest and far away from the sink nodes. Then,
make it possible to produce micro-sensing devices the use of short-range communication leads
that are equipped with processing, memory and obligatorily to data packets being forwarded thioug
wireless communication capabilities. intermediate nodes along a multi-hop path [2].

In Wireless Sensor Networks, WSNs, nodes are This article develops a model for the multi-hop
untethered and unattended. They are distributed communication in a linear array of nodes. Energy
across an area of interest and communicate amongconsumption in the various multi-hops scenarios has
themselves in multiple hops, building an ad-hoc been analyzed and optimized. This study uses a
network. Nodes have limited and non-replenishable detailed model for the energy consumed by the radio
energy resources. There are special nodes namedink of each node and analyzes two topologies: the
sink (or gateway) nodes, that are responsible for first one with equidistant nodes hop and the other
processing and storing the information collected by one with optimal spaces between the last nodes. The
the network [4].The battery is an essential article is organized as follows.

component in data acquisition. In general, it is
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Figure 1: Energy consumption model for communications.

A model of basic energy consumption and transmission, &, amplification, k the message
communication topology is presented in section 2. length, d the transmitter/receiver distance and
The analysis of multi hops is performed in section  factor describing attenuation. To receive a message
for different routing models and the optimal of k bits, the receiver then consumes:

transmission range is analyzed in section 4. In

section 5 the results based on the previous armlyse N % . a
are presented. MAC protocols afe discussedyin Binear (1) =[(2%1 =D (€yec +i€ump 0l ] (1)
section 6 and finally the conclusion is presented i
section 7. 2.2 Communication topology
We adopt a simple linear topology to dgsc
2 ENERGY MODEL AND COMMUNICATION communication mode, as shown in figure 2 in order
TOPOLOGY to simplify the analysis. At the left of the Figu?e
there are n sensor nodes arranged at intervals of r
2.1 Energy model The base station is on the right end. Using sihgje
A sensor uses its energy in order toycaut mode, each node directly communicates with the
three main functions: acquisition, communication base station; by contrast, each node communicates
and data processing. with the closest neighbor in multi-hop mode, nodes

1. Acquisition: the energy consumed to carry oet th route data destined ultimately to the base station

acquisition is generally negligible. Nevertheleis, through intermediate nodes.

varies in considerable proportions depending on the

type of monitoring being carried out. i d

2. Communication: It consumes more energy than -— —

any other task. It covers the communications imger Y ~N_ M D

of emission and reception. Figure 1 presents a e 000

transmission system model and the rules applied to

controlled energy consumption [6]. - >

3) Data processing: The energy consumed for the Figure 2: Multi-jump linear model featuring equal

calculation operation is very low as compared with distances between the nodes

the communication energy. The energy needed to

transmit 1 KB over a 100m distance is approximately

equivalent to the energy necessary to carry out 33 ENERGY CONSUMPTION IN  THE

million instructions at a speed of 100 million MU_LTlHOP S_ENSOR NETWORKS

instructions per second (MIPS). This level might be Using equations (1) and (2), the energy

much dependent on the circuitry installed in the consumed during data transmission from the source

nodes and the features requested. towards the destination going through intermediate
nodes aligned in a row is written as:

n 2 1 Sink

B () =[(2%1 = D(Ouec *i€ur0l ] (1) n
EIinear = k{z [2* eelec + earrp (d| )a]} (3)

where E.represents energy consumed in
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Ejinear IS minimum when all the ;dre equal to D/n, Example 1: A sensor network made up with 20 nodes,
when the number of hops is at its optimal value: of which 20 nodes simultaneously detect an event,
applying equation (6) leads tgNc=n-i+1

D 2% €ec a Example 2: A sensor network made up with 20 nodes,
opt = => 0y = o (a-1 (4) of which 15 nodes simultaneously detect an event
char eamp(a ) and 5 simultaneously detect five events, applying

equation ([6) leads to f=n-i+2.
The optimal number of hops depends on the
propagation loss coefficieatand the transmitter and 3.2 Total energy cost for the system

a-1

receiver parameters [9,1]. By replacingp.d in From the average number of transmitted gacke
statement fzeq, We obtain the following relation: the average energy consumed within the linear
sensor network may be computed as:
2*n e a
opt  — opt elec _ _
EIinear - m{ €re ®) E|inear—bit - nQQC +

In the linear sensor network, two possibilitiessari
for the probability of event occurrence:

éﬂ@m+am+amwoﬂ*N%J ©)

1. First case: uniform number of data flow rate , EpTIMAL TRANSMISSION RANGE
constant among the nodes. If each node detects the Bhardwaj et al. [10] have shown that energy
same number of events (that is the necessity 10 consymption within the multi-hop networks can be
convey information towards the destma_tlon), thenw  oquced by adjusting the distances between the n
can suppose that each node receives an eveni,oqes which transmit the signal. But, if each notle
simultaneously. This means this node should take (N the Jinear chain transmits data, this will be
1) information packets originating from nodes jnhossible. The distribution of the distances d
upstream, in addition to the transmission of itspar between the nodes can be analyzed in order to
packet [7], [8]. minimize the energy consumption in this particular
case. For all the nodes involved in the transmissio

2. Second case: data flow rate variable between gcenario. the total energy consumption is presented
nodes. If each node does not detect the same numbe[n equation (8).

of events, the average number of packets trangimitte

within the linear sensor network has to be caledat Einewr Wil now pe minimized using the

constraint D = > d, , equivalém the
3.1 Packetsrelayed following formula: "7=1
If x stands for the number of events detected by
a given node, the number of packets relayed by this n n
node is given by: L= eTAZ[ N o (di)”]—A (Z d, - DJ (10)
i=1 i=1

R=n-i+xa 6)(

where A is the Lagrange's multiplier. Equating the
Let us assume the existence of an underlying partial derivates of L with respect to theta zero, it
supervision protocol, in charge of building and follows that:

updating the routing tables for nodes. Then thenmea

number of events seen by each node is: oL a4
A4 :eTA'a'Npack(di) -A=0 (11)

" ad,
ne =Y, x1/n ™ 1

i=1 /] a-1

. Gl (12)
The average number of transmitted packetg.Jdt erA,a',Npack
node i may be estimated as:
. n

Npg =N-1+na (8)  Using the conditionD = d, the value ofA can

i=1
where n is the number of nodes within the linear be obtained from equation (12). Thus, o= 2 the
sensor network and i the node under consideration. values for dare found to be:
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The cases where the dre equidistant or not are

d =— (13)  again considered here. Using equation (14), the
i Its f timal dist bet d i i
(IZ:: (]/I)ijack ::;L; fa?é ggt;?]aéd'm ances between nodes given i
i Table 1: OPTIMAL DISTANCES BETWEEN NODES.
A+ a2 ¢ 4 | nitl | 02 | o3 | neied | neidd |
" i R EITTY 8,3438 | 10.656 | 12.214 | 13.435 | 14454
ot 36315 [ TLOTI | 12.608 | 13855 | 14892
Figure 3: Linear and non linear sensor networks. 8})3@8 [1.391 | 13.028 | 14.302 | 15.357
In [8, 12, 13], the energy consumption per packet 9’2709 11798 | 13478 | 14779 | 15.833
sent consumed at node i for linear arrays of equall | 9.6274 | 12,235 | 13.959 | 15.280 | 16.381
d nodes di di ted. | | z z
the energy consumption per packet sent consumed ai | 10013 | 12705 | 14476 | 15835 | 16946
node i for linear arrays with unequal data flowerat 1043 | 13.213 | 15.033 | 16.421 | 17.551
ca be calculated by the following equation: (0853 | 13764 | 15.634 | 17.053 | 18201
s () =125 Ny — .y + 1,378 | 14362 | 16.286 | 17.733 | 18.901
o (14) [1.92 | 15.015 | 16994 | 18.474 | 19.657
N peck- €arp- T ]
12516 | 15.73 | 17.766 | 19.277 | 20476
13.174 | 16517 | 18.612 | 20.153 | 21.367
5 SIMULATIONSAND RESULTS : : 7
A sensor network made up from 30 nodes 13906 | 17.386 | 19.543 | 21.113 | 22.338
distributed over a 1000 m distance is simulate%her 14.724 | 18.352 | 20571 | 22.168 | 23.401
with parameters.g.= 50 nJ/bit, g,,= 100 pJ/bit/ - z z
a=2,using MatlaB". Let us notice that this implies a 15645 | 19431 | 21.714 | 22.335 | 24.572
33.33 m distance between nodes in the equidistant | 16,688 | 20.646 | 22,991 | 24.632 | 25.865
case. 17.88 [22.022 | 24428 | 2608 | 27.302
«10°  Total energy consumption - equidistant nodes 10.255 | 23.593 | 26,057 | 27.71 | 28.908
T ‘ — —— ] 20.859 | 2541 | 27918 | 29.558 | 30.714
----- Npack=(n-i+1)->Total energy = 86.5mJ
61\ -+ Mack{v#)>Tolenergy 5256n) | 72,756 | 27.528 | 30.066 | 31.550 | 32762
:Lf; Epactf(“'i"j)'jf"a: energy = ii:gg:u 25.031 | 3003 | 32571 | 34.105 | 35.102
S| e ety <10msem | 27813 | 33.033 | 35532 | 36947 | 37.802
=, 31.289 | 36.704 | 39.085 | 40.306 | 40.953
\E | 35.759 | 41.292 | 43.428 | 44.337 | 44.675
gg, 41719 | 47.19 | 48.857 | 49.236 | 49.143
= 50.063 | 55.056 | 55.836 | 35.421 | 54.603
2f 62.587 | 66.067 | 65.142 | 63.338 | 60.429
A 83,438 | 82.583 | 78.171 | 73.895 | 70.204
125.16 | 110.11 | 97.714 | 88.674 | §1.90
0 ! ! ‘ w w 1 250.31 | 165.17 | 130.28 | 110.84 | 98.286
0 5 10 15 20 25 30

Number of nodes

Figure 4. Energy consumed with transmission distances.

Fig. 4 presents the energy by each node in a sensor
network with equidistant nodes, is obtained using
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equation (14) and with all; fixed to 33.33 m, for,
respectively, uniform or non-uniform mean numbers
of events detected by each node. It is worthwhile

smaller for optimally spaced nodes than for equally
spaced ones.

noting that the total energy consumption when each 6 DISCUSSION ON MAC PROTOCOLS

node doesn't detect the same number of events

(variable flow rates) is slightly higher than thathe
uniform number of events bottom curve case.

Shelby et Al [10, 11] described the impact of
MAC protocols on the energy model used in this
paper, namely Nonpersitent CSMA , S-MAC [9] and
NanoMAC. Fig. and Fig7 presents Transmission and

Fig. 5 presents the amount of energy consumed byReceive energy consumption model for nanoMAC.

each individual node within a sensor network
featuring optimal distances shown in table | betwee
the nodes, obtained from equation (14), for uniform
or non-uniform number of detected events.

It must be noticed that the total energy consunmptio

within the network has been reduced by 38% when
Npack=(n-i+1), 26% when Npack=(n-i+2), 21%

when Npack=(n-i+3), 17% when Npack=(n-i+4) and

15% when Npack=(n-i+5) following the approach

proposed in section IV

-6
X 10 " Total energy consumption - optimally spaced nodes

----- Npack=(n-i+1) ->Total energy = 70.31mJ
gL = Npack=(n-i+2) ->Total energy = 81.03mJ |}
----- Npack=(n-i+3) ->Total energy = 91.58mJ |I
--------- Npack=(n-i+4) ->Total energy =99.8mJ
. 5 — Npack=(n-i+1) ->Total energy = 107.64mJ
£
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Figure 5: Energy consumed with optimal transmission
distances.

Comparing figures 4 and 5,it is evident that the
nodes far from the sink consume significantly less
energy for optimally spaced nodes than for equally
spaced nodes. This is in fact due to their smaller

Nonpersitent CSMA [10, 11, 6, 12] is a well known,
relatively well performing MAC protocol in almost
any scenario. It gives the worst-case energy
consumption that any sensor MAC protocol should
outperform. S-MAC is the current sensor MAC
benchmark protocol which is used to highlight some
of the faults of traditionally designed sensor MAC
protocols.
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Figure 6: Transmission energy consumption model for
nanoMAC.

They compared these to nanoMAC, a protocol
designed to operate in a sensor networking
environment. They have analytically investigated a
cross layer energy consumption model with realistic
radio transceiver characteristics, three MAC
protocols and a linear network model suitable for
many sensor network protocols in steady state.Base
on this analysis, they have discovered many
interesting results that relate to single hopsvixglti-

separation. The consumed energy tends to dec:reasqz]Op communications and MAC protocol features.

with hop number in figure 5 in figure 4, thanksao
lower number of packets to be transmitted.

However the distance between nodes is an increasingfeasib|e

function of hop number, which tends to increase the
energy consumption. So it is surprising that, Btgrt

1) When a realistic radio model is applied for a
sensor network, they discovered that, assuming
transmission  distances,  single-hop
communications can be more efficient than multi-
hop in the energy perspective.

at the some hop number, the consumed energy

sharply increases and this for fevy last nodes. 2) A well designed sensor MAC protocol has a
However the overall energy consumption tends t0 be penayior similar to the ideal MAC protocol, but the
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