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Abstract—Two algorithm for dynamically adjusting trans- ~ are then used for the actual data communication within the
mission power level on per node basis have been evaluated usnetwork. At the end of the initialization phase, neighbor-
ing simulative approach. Network lifetime, convergence speed hood information is used to compute a simple shortest-path

as well as resulting network connectivity have been obtained . . , . .
for these two algorithms under a particular indoor sensor routing based on Dijkstra’s algorithm [3]. One particularly

environment. The network life metrics of these two are also interesting aspect is the fact that power assignment algo-
benchmarked against power control algorithms using global rithms can compute asymmetric communication relation-
information. We show that these two algorithms outperform  ships. Hence, the routing protocol must be able to handle
fixed power level assignment and is generally within a factor ; ;
; such a situation.
of two of a globally computed solution. . . T .
As a figure of merit and optimization criterion, we use
I. INTRODUCTION the time until the first sensor node runs out of energy

Sensor networks [1] — networks of tiny nodes equippel@!l nodes start with the same fixed amount of energy).
with limited sensing, computing, and radio communicatioﬁ‘ltema_t'vely* e|th_er t|me_ to networ_k partition could be used
capabilities — is a technological vision that is currentlp’ the time at which a given area is no longer covered by at
receiving a lot of attention from several research commurlaSt @ single sensor. In order to evaluate the performance
ties. Such sensor networks would use wireless communi@{-our local algorithms, we compare the network lifetime
tion to transmit their observation values to a given monitgichieved with algorithms using global knowledge.
station which would serve as a user interface. The remal_nder of_th|s paper is organized as follov_vs.

A joint characteristic of most application scenarios is thdf the following section, an overview of related work is
sensors only have a limited energy supply which might ngfven- Section Il describes both local algorithms as well
even be rechargeable, hence they have to be as enegz_the global algorithms which serve as comparison cases.
efficient as possible. One option is to reduce transmissigirction IV outlines the simulation setup we used to study
power with the help of intermediate nodes as relays in plafiSe algorithms and presents simulation results. Finally,
of direct communication with a remote node. While sucf€ction V presents conclusions and directions for future

relaying has its own disadvantages (energy is now al¥rk.
consumed for intermediate reception and transmission), Il. RELATED WORK

relaying can be beneficial for improving energy efficiency L
In recent publications the problem of power control was

€g.2D. : - - ddressed while assuming information on the angle of
Yet arbitrarily reducing transmission power is not poss@ g g

ble; at least, some direct neighbors of a sensor node m(RgePtion [4] or the nodes knowledge of its location [5][6].
be reachable to provide the possibilities to perform relayirl§ these publications more complicated algorithms are used,
and to form a connected network via relaying. Therefore Ut @s they use additional information a comparison can
is important to find distributed algorithms which determin@nlY beé made using the same metric.
appropriate transmission power level for every node. As there are similar approaches to solve the problem
We present two distributed algorithms that determin@ Power control [7], [8] as in this work, they differ
an individual transmission power level for each node df that ELBATT et al. needs a separate and contention-
a fixed, non-mobile sensor networkThis computation free feedback channel and uses a cellular TDMA system.
happens in an initialization phase, and these power lev&&'SHNAMACHARI et al. uses an algorithm with an expo-
nential grow in control messages in the number of nodes.
1The same power is used when sending to any neighbor, irrespective ofiln [9] RAMANATHAN and ROSALESHAIN provided the
whether some neighbors are closer than others. One reason to do so igdie for the first algorithm used in this paper, but they used
time and hence energy expenditure that is require to set the amplifier, f‘? . . .
dhe algorithm to examine network throughput and delay in

different power levels. Algorithmically, the use of different power level g ) -
depending on the intended receivers is easily possible. a two dimensional space with a smaller set of nodes.



I1l. PROBLEM SOLUTIONS 1) Among the node pairs that are not yet connected,
choose the one with the smallest distance.

2) Set transmission power of all nodes to a value suffi-
cient to connect these two nodes.

3) Check connectivity of the resulting network and when
the network is connected, minimum power level is

A. Threshold in number of neighbors found.

The “local mean algorithm” (LMA) works in the follow- This power value represents the optimal value for a sensor
ing way: All nodes start with the same initial transmissiofetwork with fixed transmission range and therewith pro-
power (IransPwr). Every node periodically broadcasts @luces symmetric communication links. This algorithm uses
life messagel(ifeMsg) including its unique identity. All the global information and it is not evident how to implement
other nodes, which receives sucH.dgeMsg, reply with a @ corresponding local algorithm that achieves the same
life acknowledge messag@ifeAckMsg) including the ad- results.
dress of th&ifeMsg sender. In order to avoid .collisions, 3 Global solution with diverse transmission power
proper MAC layer is assumed. Before a node issues the next . ) ) o
LifeMsg it counts the number ofifeAckMsgs received The globgl solution with Diverse Transmission Power
(NodeResp). If NodeResp is less than a minimum thresh-(DTP) algorltr_\m.creates a connected network but doe.s n.ot
old (NodeMinThresh), the node increases its transmissioﬁet,a" tran§m|SS|on ranges to the same value..lns'tgad it tries
power by adding a certain amount;(..) for every missing to find a minimum power level for every node individually.
neighbor, but having a upper bouns,).2 If NodeResp 1 N€ algorithm works in the following way:
is larger than a maximum threshol®¢deMaxThresh), ~ 1) Among the node pairs that are not yet connected,
it decreases its transmission power by subtracting a cer- choose the one with the smallest distance.
tain amount f4..) for every supernumerary neighbor, but 2) Set transmission power of these two nodes to a value
having a lower boundRaow.).2 If NodeResp is between sufficient to connect them.

NodeMinThresh and NodeMaxThresh the node does no 3) Check connectivity of the resulting network and when
longer change its transmission power; it has converged. the network is connected, the minimum power level
While this algorithm has a periodic nature, it is important S found.

to note that no close synchronization of nodes or global This algorithm minimizes the overall transmission power
time base is required; the notion of periodic is a purelgonsumption for the entire network, but it may result in

In the following we concentrate on five different ap-
proaches. Either applicable to be used as distributed algo
rithm to extend the network lifetime or as compare cases
to show the maximum achievable.

local one. asymmetric communication links.
) ) Even as it is possible to construct networks where this
B. Threshold in mean number of neighbors algorithm does not find minimum power levels for all

The “local mean of neighbors algorithm” (LMN) worksnodes, DTP vastly outperforms any other global algorithm
similar to LMA except that it adds some information to thé¢hat we have considered, therefore, we use DTP as a
LifeAckMsg and it definesNodeResp in a different way. comparison case. Similarly to the ETP algorithm, this
In addition to the address from the receiviedeMsg, the algorithm also uses global knowledge, and equivalent local
LifeAckMsg also contains its own number of neighborgmplementations are not obvious.
computed in the previous cycle. The node receiving the

. : . ) V. SIMULATION RESULTS
LifeAckMsgs calculates a mean value from its neighbors

number of neighbors — the nelodeResp. A. Investigation scenario
) o In order to evaluate and compare these algorithms, we
C. Fixed transmission power simulated the energy consumption and resulting network

The most simple algorithm is to assign an arbitrariljifetime for a particular indoor sensor network scenario.
chosen transmission power level to all sensor nodes, muthe simulator used for this task was written using the
like it would be done at production time for sensors thadMNeT++ [10] simulation tool.
do not have power control at all. The physical layout consists of four rooms connected
by a hallway as shown in Figure 1. All rooms are 3.5 m
high, the grey bars indicate doors (1 m wide), the black

The Equal Transmission Power (ETP) algorithm alsdots show the position of two monitor nodes, which are
assigns a uniform power to all nodes, but chooses thesitioned 1.2 m above the ground. Walls are assumed to
minimal value that ensures a fully connected network. be infinitesimally thin, constituting no obstacle for radio

To find the minimum transmission power, the followingcommunication. The path loss coefficient is set to 2. Based

D. Global solution with equal transmission power

algorithm is used: on this layout, 32 different placements of sensor nodes were
. ' generated by placing 318 nodes randomly on the walls,
Formally: TransPwr = min{Bup - TransPwr, Ainc - cejlings, and floors (using a uniform node distribution),

(NodeMinThresh — NodeResp) - TransPwr}. ith th . fth hich h
SFormally: TransPwr — max{Byous - TransPwr, Age. - (1 —  With the exception of the doors, which are assumed to reac

(NodeResp — NodeMaxThresh) - TransPwr}. up to the ceiling.



4m 4m 4m 6m interesting.

During the data communication phase, energy is con-
sumed for both transmitting and receiving data packets as
well as for idle phases. The power consumption during the
Room Room Room Room idle phase is 0.1uW, for receiving 0.5 mW, for sending
1 mW? a sensor node’s initial energy supply is 100 J. At
N - an assumed bit rate of 10 kbit/s, these values correspond to

Hallway 1 1J and 0.5:J to send and receive a bit, respectively. The
transmission power levels are set by the above algorithms

18m such that transmission errors only happen with negligible

probability (more precisely, a node is only considered to
be reachable if the SNR is at least -90 dBm), hence

Fig. 1. Physical room layout. Grey bars represent doors, black circlf@nsmission errors are not considered.
represent monitor nodes.

5m

2m

B. Convergence and connectivity

The local algorithms LMA and LMN use a number of

For each of these placements, every algorithm compuitgyations before settling down to particular transmission
the transmission power level assignments for each senéier levels. An individual node has converged when
node, and afterwards the routing tables are computed ftsr number of neighbors is betweébdeMinThresh and
all nodes. For the ETP and DTP algorithms, this results odeMaxThresh. The values for these thresholds were
a single configuration of power level assignments.The fing¢termined using some preliminary experiments with the
transmission power level for the local algorithms depend#obal algorithm described in Section IlI-E: using this
on the initial transmission power to be used by each noddgorithm, the number of neighbors of most nodes is
The initial power value is varied linearly in 56 steps fronbetween four and seven; these values were therefore used
a transmission range of 25 mm to 1.4 m. For each of theg® thresholds for the local algorithms.
initial power levels, the initialization phase is computed A desirable property of such an algorithm would be
using 100 cycles. that all nodes converge very quickly. Evidently, the ini-

The local algorithms use a transmission power increatial transmission power (equivalent to the initial range of
value (4;,.) of 10% with an upper boundH,,) of two transmission) plays an important role for these algorithms.
times the old transmission power and a decay valig () Figure 2 shows that most nodes converge within a small
of 2% with an lower bound B4.wn) Of half the old value number of cycles and some few nodes take a medium
(with higher values the implementation tends to oscillatejumber of cycles.

Based upon these configurations, the data communication
phase is simulated and the results for all of these varied
initial conditions are averaged to form a single value.

Note that the energy consumption during this initializa- @ ,,
tion phase is not taken into account. This is due to t
fact that distribution of routing information is unlikely to 5
happen this way in a real sensor network. Informatiom
needed is also available in other, sensor-network-relat&
protocols [11], thus it can be incorporated and energy
consumption is negligible.

After this initialization, the data communication phase
is simulated. The traffic in the network consists of re-

100

converged nodes

122.5

quest/replies initiated by the monitor. These requests are 625 Initial
directed at a randomly chosen sensor node (the monitor 0 range
is assumed to have sufficient information about the sen- Cycle number o (cm)

sors). The nodes receive the request and answer with an _ _ _ ' o
(arbitrary) reply value. These requests are sent every hEig 2. Histogram of time to convergence (in cycles) depending on intitial
. . transmission range (in cm)

a second, alternating between the two monitor nodes.

These simulation runs result in a total 82 network
lifetime samples for the global algorithms aB2ix 56 sam- For certain initial power levels (particularly, at small
ples for the local algorithms; network lifetimes, confidencamitial power), it also happens that a very small number
levels for the average lifetime and comparisons are shown

in Section IV-C. But first. the question of convergence 4The ratio of this values might be surprising, but the assumption is that
: a sending node can wake up nodes in its vicinity by using a low-bandwidth

Spee?‘ of the local algorithms as well as whether the_§ﬁnaling channel that is easy to demodulate even for a low-power receiver,
algorithms actually reach a fully connected network is.g. the "Frisbee” model in [12]



of nodes do not converge at all. As an example, consider d+ Fixed @ 3m = Fixed @ 5m Fixed @ 7m - ETP
case where a single node is located far away from a cluster 70

of nodes that quickly form a connected group. o 60

While a larger value oNodeMaxThresh increases the g 50 |
likelihood of a connected network, it also results in larger @ &
transmission power levels. =3 409

Figure 3 shows the percentage of nodes that were nog o 3° [ naann VsV s en NV anaNJE AN
reachable from the monitor stations for the local algo-g 20 1
rithms from Sections 1lI-A and 1lI-B. The largest value is 2 10 =" 7" =7 e mm s o
1.65% for LMA and 0.04% for LMN, and on the average, Ol v
0.003% are not connected considering the mean number - ¥y~ 3 39 39 32 8 8 8 3
of neighbors and 0.37% when only taking into account Configuration number

the number of direct neighbofsThese results suggest

that LMN creates a much stronger connected network

than LMA. Hence, distributing and taking into account th&ig. 4. Network lifetimes for different configurations for fixed transmis-
. ' . sion power and equal transmission power assignments

number of neighbors a node has, results in a much stronger

connected network.
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Fig. 5. Network lifetimes (in thousands of seconds) for different

Fig. 3. Percentage of nodes not connected for different netwoﬁ?nﬂguraﬂonS for global and local algorithms
configurations

_ impression, the lifetime achieved by DTP up to 209%

C. Network lifetime longer than that obtained by LMN and even higher for
The most interesting performance metric for such |gvA. On average, DTP achieves network lifetimes that are

sensor network is the network lifetime: the longer everypout twice as long as LMA, LMN, and ETP. Figure 5 also

single node is capable to communicate, the better tBgggests that the local algorithms and the ETP algorithm

transmission power levels were chosen. In order to giveparform quite similarly.

rough idea of possible network lifetimes achievable in our Figure 6 shows the confidence intervals.

c_onfiguraf[ion, Figure 4 shows 'Fhe results for the simple Applying a simple graphical interpretation, we can infer
fixed assignments of transmission powers as well as gyt the ETP outperforms both local algorithms. This comes
case for the global ETP algorithm. As expected, EThy no surprise as ETP uses global information, but it is
outperforms the fixed value algorithms and achieves Mportant to note that LMN does not only create a much

average network lifetime of about 48800 seconds, while t@?ronger connected network, it also performs in mean by
fixed network algorithms’ achievements are considerabiyios petter than LMA.

below that. It is also interesting to see that the lifetime
of the network depends heavily on the actual network

configuration; differences are up to 50%.
More interesting is the comparison between the globalWe can state that using heuristics which consider the
and the local algorithms in Figure 5. number of neighbors a node has, result in a sufficiently
It comes as no surprise that DTP vastly outperforms abnnected network, provide improvements in network life-
other algorithms with its global knowledge. As a generalme and is in the range of symmetric algorithms using
5Note that these numbers are averaged over different initial transmiss,:c)J(r:T\rfect knOWIedge' While they are not able to OUtperform
histicated algorithms, they perform usually within a

power levels, hence percentages do not correspond to an integer numtiel R
of nodes. factor of two of their lifetime.

V. CONCLUSIONS
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Fig. 6. Confidence intervals of network lifetimes for local algorithms 6]
and ETP; 95% confidence level

(71
Additionally, these algorithms are structured similarly to
other mechanisms that are conjectured to be deployed 8]
sensor networks, e.g., locationing mechanisms. It would
hence be possible to integrate these algorithms and to
amortize their joint resource consumption. [9]
A number of interesting questions remain for future
work, e.g., to use the number of neighbors in the announgey
ment messages and to weight this information against
the transmission power with which it was sent or how Eh]
non-reliable MAC influences the algorithms. We intend t
investigate these areas in the near future.

(12]
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