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Abstract

In this paper a methodology for adapting existing wire-
less ad hoc network protocols to power controlled networks
is presented. Wireless nodes are assumed to have transmis-
sion power control with m discrete levels, and a cluster-
ing scheme is used in the adaptation to be energy efficient.
Clusters are formed among the nodes in a distributed self-
organized manner so that each node is a member of some
cluster and within a cluster, each node can reach any other
node with appropriate power level. Each cluster has a des-
ignated head node which acts as forwarding agent for its
members and these head nodes form a supernode topology.
We adapt an ad hoc network multicast protocol by execut-
ing it on this supernode topology. Multicast data will move
from the sender to its cluster head, then along the supern-
ode topology according to the results of the chosen multicast
protocol, and finally from cluster head to receivers within
their clusters. At every step, nodes use appropriate power
level, 1 � j � m, to reach all the intended recipients.
For more balanced way of depleting energy in the network,
nodes take turn to become cluster heads. We applied our
technique to ODMRP and the experiement shows siginifcant
energy reduction.

1. Introduction

Recently, attention has been given to designing protocols
that are energy efficient. In wireless communications be-
tween two nodes, there is a fixed energy cost in transceiver
electronics and power amplifier and a variable energy cost
that depends on the distance of transmission. Therefore,
nodes having power control can transmit with just the right
amount of power to reach the intended recipient [1]. In
the 70s, work was done on packet radio networks with
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such power-controlled networks, and an interesting problem
solved then was the optimization for throughput when all
nodes adjust and use the same level of power. Later, simi-
lar optimization problems were solved when different nodes
could use different power. More recently, there have been
some works which assumed continuous power control to
perform communication tasks, including initialization [6],
topologydesign and routing [8]. These latter works focused
on energy efficiency in ad hoc networks.

In this paper, we assume a more practical model for
power control in nodes, where a node can transmit with m
discrete power levels. There exist several radios including
Sincgars [11], Rockwell Wins [10], that exhibit this char-
acteristic. Radios with several power levels are more practi-
cal to build and easier to operate than radios with continuous
adjustable power. We assume that the highest level of power
in the power controlled nodes (i.e., m-th level) corresponds
to the amount of power used by fixed range nodes. Since a
node with power control can communicate with some other
nodes by adjusting its power, there is no well-defined topol-
ogy for the network unless nodes fix the amount of power
they will use. In such networks, one may redesign power
efficient protocols by taking into account this capability.

The idea is to take advantage of the existing protocols
for ad hoc networks with fixed range nodes and to adapt
them using a clustering technique so as to be energy effi-
cient. In multicast and broadcast operations, it is natural
to use clusters so that nearby nodes can be reached with a
single transmission. Our greedy algorithms operates in a
self-organized manner by successively increasing the power
level until the successive incremental grows with an in-
crease in power level. Here, each node in a cluster can trans-
mit with a power level that is just enough to reach all other
nodes within its cluster. Each cluster will have a designated
cluster head which is chosen in a distributed manner as ex-
plained later. The power level needed in different clusters
to reach all nodes may be different. Each cluster head can
be thought of as a supernode, and these cluster heads form a
supernode topology on which we run any known ad hoc net-
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work protocol. With local broadcasting within clusters and
communication in supernode topology according to the se-
lected protocols, we accomplish energy efficient versions of
those protocols. In this paper, for brevity, we assume that
the nodes are not mobile. The clustering naturally allows
easy updates when nodes are non-stationary. We have de-
veloped a scheme to handle the node mobility to update the
clusters and supernode topology to remain energy efficient,
however, a detailed discussion is beyond the scope of this
paper.

This adaptation of existing ad hoc network protocols us-
ing clustering is general and quite powerful and can be
used for developing energy efficient routing, multicasting,
and broadcasting in dense wireless networks. We demon-
strate this adaptation using ODMRP (On-Demand Multicast
Routing Protocol) [4]. In order to evaluate the effective-
ness of our adaptation, we enhanced GloMoSim 2.0 pack-
age with energy calculations with multiple levels of power
at nodes. We developed a front end software HMMA 1.0
that performs clustering and interfaces to GloMoSim. We
conducted extensive simulations for different network sizes
ranging from 75 nodes to 300 nodes. Results show that us-
ing our clustering and adaptation, there is 100% or more im-
provement in energy costs compared to multicastingwithout
clusters.

This paper is organized as follows. In Section 2, we
present the cluster formation algorithm for power-controlled
networks where nodes can use m discrete power levels. In
Section 3, we discuss in detail the adaptation methodology
using ODMRP protocoland our clustering technique. In this
section we also discuss how multicast data forwarding de-
rived from ODMRP is accomplished in an energy efficient
manner in both intra-cluster and inter-cluster transmissions.
In Section 4, we present our simulation setup and experi-
mental results for different size networks. Finally, we give
some concluding remarks in Section 5.

2. Clustering Technique

Clustering is a well known technique for grouping nodes
that are close to one another in a network [3], [5], [8]. In
this paper, we restrict our discussion of clustering to sup-
port multicast routing. The members of a multicast group
will be distributed among the nodes in the network, and our
goal is to be energy efficient in sending data to all members.
Clearly, reaching more multicast receivers in a single trans-
mission is advantageous. This is possible only when there
are multiple receivers that are close to one another. This sug-
gests using clusters as all receivers in a cluster can possi-
bly be reached by a single transmission from a designated
node within each cluster. Our approach is to partition the
network into a set of clusters with a cluster head in each clus-
ter. The cluster heads can be thought of as supernodes and

they form a supernode network. Packets flow from sender to
its cluster head, then along the supernode topology, and fi-
nally get disseminated within clusters. We can see that hav-
ing few clusters is advantageous as cluster heads can reach
more nodes in a single hop within its cluster. However, it
wastes energy as cluster heads must use enough power to
reach the farthest node in their cluster. On the other head,
having more clusters will increase the energy cost along the
supernode network as we need to reach more cluster heads.
Therefore, a balance between these two extreme cases needs
to be achieved by forming clusters such that any cluster head
uses a power level that is energy efficient. The approach we
use to form clusters is based on a greedy algorithm to incre-
mentally grow clusters and stop when the growth in a suc-
cessive step drops or we reach the highest power level.

2.1. Energy Cost Analysis

We will further justify the use of greedy heuristic to form
clusters from the energy cost analysis for packets traveling a
network when there is power control. When a packet is sent
between two nodes, there is a fixed energy cost in transceiver
circuitry and a variable cost in the propagation of the signal
to reach the receiver. The energy cost in receiving a packet
is not negligible. For example, in WaveLAN [7] card with
omni-directional antenna, it requires 185 mA for reception
and 235mA for transmission at 3.3V. For a single hop the
energy consumed is:

W = ETx +ERx + E0

where ETx and ERx are the energy consumption for
transmission and reception, andE0 is the overhead for MAC
(Media Access Control) in both sender and receiver which
may involve a few short packet exchanges as RTS/CTS (re-
quest to send, clear to send) in IEEE 802.11b, or CSMA-like
scheme, involving channel sensing.

We use four parameters, �; 
; d; � to model the energy
cost in a transmission as � � d
 + �. d is the radio apart
distance between two nodes, � is the cost in the transceiver
electronics, 
 ranges from 2 to 4 [9], � is the radio energy
cost coefficient depending on antenna gain, channel modu-
lation etc.

In general, having bigger clusters is useful because a
cluster head can send multicast data to all the receivers in
its cluster in one transmission. However, we will now show
when a cluster size should be limited. In order to analyze
the energy consumption, we use the following notation: mi:
number of nodes between energy level i and i + 1. Ni: to-
tal number of receivers in the first i levels. Ri: area diame-
ter covered in first i levels. r: incremental distance between
two consecutive levels, it is a constant.

Consider the scenario shown in Figure 1. Assume the
current cluster size requires power level k � 1 and it has
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Figure 1. A multi-level cluster
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multicast receivers in this clus-

ter. When we increment the power level by 1 to k, we will
be adding mk nodes to the cluster. We can either (i) choose
power level k + 1 to reach all nodes in the increased area
shown in Figure 1 or (ii) use power level k to reach nodes
in the area up to level k followed by some forwarding in the
incremental area. The following Eq. (1) and Eq. (2) show
the energy cost for case (i) and (ii) respectively.

E1 = �(Rk�1+ 2r)
 + � +Nk+1� (1)

The first part is the transmission cost with level k + 1. The
second part is the total receiving cost for all multicast re-
ceivers in the bigger cluster.

E2 = E0 + �E (2)

where E0 = �(Rk�1 + r)
 + � and

�E =
Nk+1mk+1
Pk+1

i=1 mi

(�r
 + 3�) + Nk+1�

Here, the first part is the transmission cost with level k.
The coefficient in the second part is the fraction of nodes that
are receivers between levels k and k+1. Therefore, it is rea-
sonable to expect that many additional cluster heads receive
and retransmit data to cover the nodes in this strip. And the
energy cost difference between the two scenarios is:

E1 �E2 = ck(�(Rk�1 + r)
 + 3�)��

where � = (Rk�1 + 2r)
 � (Rk�1 + r)
 and
ck = Nk+1

mk+1

3(mk+mk+1 )
is the k-level adjustment coeffi-

cient. Note that (mk + mk+1) > 1
3

Pk�1
i=1 mi, when the

number of levels is much smaller than the total number of

nodes. When mk+1 is greater them mk, the coefficient is
between 1

3 and 1
6 in the first term, and since Nk+1 is usually

much greater than the number of levels, it is advantageous
to use scenario (i). When mk+1 is less than mk, we lose the
benefits of using larger cluster when 
 is larger than 2 or the
number of multicat receivers is not so many. This justifies
using the our heuristic for clustering presented next.

2.2. Greedy Heuristic for Clustering

Given N nodes with some distribution in the field, we
form clusters using a simple greedy heuristic algorithm
starting from a single node. We assume that each node has
some neighbors within its reach. Since the distribution of
multicast receivers is unknown, it is not possible to formu-
late a clustering problem to optimize for energy cost. In-
stead, we should try to reduce energy cost to reach a group
of receivers in a neighborhood. Thus, within a cluster, we
would like any node to reach any other node with a single
transmission. Forming very large clusters will waste en-
ergy as there may be few multicast receivers within a clus-
ter. Forming large number of clusters requires many hops
on the supernode network which increases energy cost end-
to-end. With discrete power levels in nodes, we can strike
a balance by growing the clusters as long as with each in-
cremental level, additional nodes found in the neighborhood
are higher than in the previous step. In other words, we grow
the cluster as long as the delta change with each incremen-
tal level is positive. Every node will be part of some cluster,
and it is perfectly possible that some nodes may be singleton
cluster.

Since the number of power levels m is finite and a small
number, this greedy heuristic can be very efficient. We will
use a distributed self-organized approach to grow clusters
with successively increasing the power levels and counting
the additional nodes seen in the neighborhood. Informally,
this process works as follows. In the beginning, all nodes are
cluster heads for its own singleton cluster. To recruit mem-
bers into its cluster, a cluster head will increment its power
level to reach the next larger area and counts the number
of additional nodes seen. If the delta change is positive the
cluster size grows. The procedure stops whenever the delta
change compared to previous step is positive or power level
m is reached. All the decisions are made locally in each sta-
tion.

Greedy Cluster Forming Algorithm

1. BEACON PHASE

� Initially all nodes are cluster heads. Each node
sends a beacon signal with the highest power
level either using TDMA or some MAC protocol.

� All nodes listen to these beacons. It is assumed
that each node determines the distance of all its
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neighbors via the signal strength received.

2. CLUSTER BUILDING PHASE
Each node uses a greedy method by increasing its clus-
ter power level one step at a time until the incremental
change in number of nodes seen reduces or the power
level reaches a specified maximum. This is accom-
plished completely locally using the cached distance
informationof all neighbors heard in the Beacon Phase.
The maximum level is a parameter chosen to ensure
inter-cluster and network connectivity.

3. RECRUITING PHASE
Each node sends a recruitingmessage containing all the
Ids of the neighbors with its power level computed in
the Cluster Building Phase. A node joins the first clus-
ter that it hears and whose Id is greater than its own.
Once a node has joined a cluster, it leaves the recruit-
ing phase.

4. CLUSTER FORMING PHASE

� All remaining cluster candidates send a cluster
forming message to its member(s) with the clus-
ter level and all the Ids of the neighbors within
its cluster. Any node detecting that it cannot
reach one or more nodes in this list will notify
this information to its cluster head. A Cluster
collects all such information, if any, makes deci-
sions on which nodes to include, sends a finaliz-
ing message with a list of accepted and not ac-
cepted members

� At the end of this phase, any node that has not
received a cluster forming or finalizing message
will form a singleton cluster and its level is the
power level to reach its nearest neighbor.

In terms of complexity of messages and energy costs, in
this greedy algorithm Phase 1 has O(N) messages of fixed
length, Phase 2 has only local computations, Phase 3 has
O(N) messages of relatively short length, and Phase 4 has
O(no. of clusters) messages. The energy costs depend on the
number of bits in different messages and the number of op-
erations in computation. The cluster formation is a one time
initial cost with small incremental cost for maintenance.

3 Adaptation of ODMRP

In this section, we will show how a multicast protocol
can be adapted using our clustering in power controlled net-
works. On Demand Multicast Routing Protocol (ODMRP)
is an ad hoc network multicast protocol which builds the
mesh structure on demand to provide multiple paths to mul-
ticast members [4]. ODMRP is designed for ad-hoc wire-
less networks with mobile hosts where bandwidth is limited,

topology changes frequently and rapidly, and power is con-
strained. In any multicast protocol, there should be proce-
dures for data forwarding, members joining, and leaving. In
ODMRP group membership and multicast routes are estab-
lished on demand.

In our adaptation scheme, there are three major steps:
(1) form clusters using the greedy heuristic and generate
the supernode topology using the cluster heads; (2) execute
ODMRP on this supernode topology; (3) forward multicast
from a sender to multicast receivers through their respective
cluster heads. All the major steps of ODMRP will be per-
formed on the supernode topology, and therefore, there is no
need to make any modification in the functional steps of the
protocol for its use in this topology. The head node of the
cluster in which a sender node resides will act as the sender
for that multicast in the supernode topology. One or more
multicast receivers in a cluster will have their head node as
the receiver supernode. With multicasting in dense ad hoc
networks, there can be multiple receivers in a neighborhood,
the clusters facilitate efficient local broadcasting and signifi-
cantly reduces the overhead during ODMRP member adver-
tisingand route discovery phase. ODMRP relies on frequent
network-wide packet flooding and performing this on the su-
pernode topology with fewer nodes helps improve the per-
formance compared to using ODMRP on the entire topol-
ogy. Another benefit with our approach is improved scala-
bility of multicast protocols due to clustering.

The other part of adaptation in power controllednetworks
is the power levels used by various nodes in performing mul-
ticast. A cluster head node will use the power level just
enough to reach all nodes within its cluster. Nodes within
a cluster will use power level sufficient to reach all other
nodes within their cluster as discussed in the clustering sec-
tion. Internal nodes not participating in multicast will be
turned off to conserve energy. Unlike in fixed range ad hoc
network nodes, here the power level needed between dif-
ferent cluster heads can be different. The edge weight on
inter-cluster links will specify the level needed for commu-
nication. For data transmissions on the supernode topology,
each cluster will use the appropriate level to reach one or
more of its neighbors as required by the steps of ODMRP. In
other words, a cluster head willuse the maximum of the edge
weights of its inter-cluster links to broadcast a packet to all
its neighbors. Since the supernode topology will be used for
all multicast data forwarding, the nodes on this topologywill
do more work than other nodes. For balancing energy deple-
tion, nodes in a cluster take turn to become cluster heads us-
ing some round robin schedule or with some energy thresh-
old.
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Channel Frequency 2.4GHz
Bandwidth 2Mbits/s
Radio Type Accumulating Noise

Propagation Model Free Space
Propagation Pathloss Model Two-Ray Ground

Reflection
Max. Radio Tx Power 15 dBm
Radio Rx Sensitivity -91.0 dBm

Radio Rx SNR Threshold 10.0dBm
Maximum Power Levels 10

Field Dimension 500 x 500 square feet
Simulation Duration (unicast) 300 simulation secs

Simulation Duration (multicast) 120 simulation secs
MAC Protocol IEEE 802.11

Table 1. Simulation Parameters

4. Simulation Experiments

To demonstrate the benefits of our adaptation techniques,
we enhanced the GloMoSim package with wireless nodes
having multiple power levels for transmission. We added
code to determine the appropriate power level to use for
transmission from a node to its intended recipients in a hop.
We also enhanced GloMoSim to calculate the energy costs
with power levels for various communication activities. For
cluster forming, we developed a program, HMMA 1.0, and
interfaced it to GloMoSim 2.0 package. The program is
written in C++, runs on Microsoft Windows and provides
GUI to tune various parameters for clustering and gener-
ating the supernode topology. This front-end software can
be easily modified to generate cluster data for other simula-
tion packages as well. We conducted extensive simulations
using the enhanced GloMoSim to evaluate collision, delay,
and power consumption performances for ODMRP with our
clustering and without clustering. The simulation parame-
ters used are given in Table 1. For the non-cluster simulation
of ODMRP, we assumed that all nodes use the same power
level, as that is considered to give good perfomance [12].
To be fair in comparison, we conducted non-cluster simu-
lations with each of the possible power levels and took the
best results. In all the simulation results shown in this sec-
tion we are comparing the cluster results with the best power
level results of non-cluster runs.

Our first simulation runs investigated the improvements
in network life and connectivity with 200 nodes in a
500x500 sq. ft. terrain. We used some FTP and HTTP ap-
plications and a few generic CBR sources for generating the
traffic. FTP file sizes are chosen randomly by GloMoSim
and the packet sizes are also chosen at random. For the
HTTP traffic, we have one client requesting pages of vary-
ing sizes from five httpd servers. For the CBR traffic, we

used five sources that were alive during the entire simula-
tion time of 300 ticks. We simulated several rounds and
changed the set of senders and receivers for each round. As
the simulation proceeds, nodes consume energy when pack-
ets are transmitted and received. We used our enhanced Glo-
MoSim to calculate the energy consumptions and also in-
cluded the costs in collisions to access the shared wireless
media. Nodes die if they deplete all their available energy.
Figure 2 (top-left) and (top-right) show the distribution of
nodes that are still alive after 10 and 20 rounds respectively
without clustering and Figure 2 (bottom-left) and (bottom-
right) show these results in the form of energy remaining
in clusters. From the two figures, with using clusters, more
nodes are still alive after 20 rounds of runs although with
less energy. We can clearly see from these figures that our
clustering significantly improves the network life time and
connectivity.

Figure 2. Node Energy Distribution after 10
and 20 rounds of runs.

Our next simulation runs compare the performance of
ODMRP with our adaptation using clustering and ODMRP
without clustering. We conducted extensive simulations
with 75 to 300 nodes in a 500x500 sq. ft. terrain. For
all the simulation runs, we used 13 multicast groups, a to-
tal of 57 members in these groups, and 29 sender nodes.
For both clustering and non-clustering simulation runs, we
used identical initialnode distribution,multicast groups, and
senders/receivers. For multicast data traffic, we used only
CBR sources with packet start times varying from 0 to 50
simulation seconds and inter-arrival time of 500 msec sim-
ulation time. We collected various statistics including av-
erage packet delay, collision and energy cost. For the non-
clustering simulation runs, we simulated ODMRP with all
nodes having the same power levels and for all the m pos-
sible power levels and took the set of best results. Figure 3
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(top plot) shows the comparison of average end-to-end de-
lay with and without clustering. When the number of nodes
increases, the delay in a non-clustering run increases. With
clustering, it does not change much and is at least 200% on
the average compared to non clustering runs. Figure 3 (mid-
dle plot) shows the collision comparison. In the non clus-
tering runs, the number of collisions increases with num-
ber of nodes. With clustering, the number of collision in-
cidents stays relatively the same and it is at least 100% bet-
ter on the average. Figure 3 (bottom plot) shows the energy
consumption in the clustering runs and non clustering runs.
With our adaptation using clustering, there is up to 300%
improvement over non clustering runs on the average. In
all the plots, we show the two best results of non clustering
runs, e.g. 13dBm and 15dBm. For the clustering runs, the
radio power corresponding to the maximum power level is
15dBm.

Figure 3. End-to-End Delay, Collision and En-
ergy Dissipation Comparison.

One noticeable feature of clustering is that the gains do
not degrade when the number of nodes changes. It is espe-
cially important for protocol scalability.

5. Conclusion and Future Work

In this paper, we presented a general methodology for
adapting any existing ad hoc network protocol to power con-
trolled networks. When nodes have multiple power levels
for transmission, our approach is to use clustering to gen-
erate a supernode topology and execute a given protocol on
this supernode topology. We developed a front-end software
for clustering and interfaced it to GloMoSim 2.0 simulation
package. We also enhanced the GloMoSim package with the
ability to simulate nodes with multiple discrete power levels
for transmission. We demonstrated our methodology and re-
sults through extensive simulations with ODMRP. Results
show up to 100% improvement in energy consumption for
multicasting compared to running ODMRP without cluster-
ing. In future work, we will evaluate our adaptation scheme
with mobility of nodes, adapt other protocols, and evaluate
the possibility of premature network partition.
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