Thème COM

INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE

Evaluation of the Energy Consumption in MANET

Géraud Allard, Pascale Minet, Dang-Quan Nguyen, Nirisha Shrestha

N° 5851

February 2006

Unité de recherche INRIA Rocquencourt Domaine de Voluceau, Rocquencourt, BP 105, 78153 Le Chesnay Cedex (France)

Téléphone : +33 1 39 63 55 11 — Télécopie : +33 1 39 63 53 30

Evaluation of the Energy Consumption in MANET

Géraud Allard^∗, Pascale Minet^∗, Dang-Quan Nguyen^∗, Nirisha Shrestha^†

Thème COM — Systèmes communicants Projet Hipercom

Rapport de recherche n° 5851 — February 2006 — 47 pages

Abstract: In ad hoc mobile wireless networks, energy consumption is an important issue as most mobile hosts operate on limited battery resource. Existing models for evaluating the energy consumption behavior of a mobile ad hoc network have shown that the various components of energy related costs include transmission power as well as power of reception.

In this paper, we extend the model for calculating the energy spent at a node due to a flow in the network. We include the transmission and reception costs if the node belongs to a flow, and reception costs if it is near a flow. The model gives the energy costs of nodes in ideal conditions where interferences and collisions are absent, and hence can be extended to evaluate the effect of interference between flows on energy consumption in more realistic conditions. The collisions due to the flows are also measured, which are used to evaluate the effect of such interference in the energy consumption. We then show how the extra energy spent due to collisions can be calculated by predicting the collisions in the nodes of the network. This prediction is shown to be capable of accurate calculation of the extra energy consumption.

Key-words: Ad-hoc networks, energy, interferences, IEEE 802.11b, collisions.

∗ Hipercom project, INRIA Rocquencourt, France † First author: Nirisha Shrestha, Department of Computing, Macquarie University, North Ryde, NSW 2109, Australia.

Evaluation de la consommation d’énergie dans MANET

Résumé : Dans les réseaux sans fil et mobiles, MANET, la consommation d’énergie est un aspect important parce que la plupart des terminaux mobiles opèrent sur des batteries dont la capacité est limitée. Des modèles existants d’évaluation de la consommation dénergie dans MANET ont montré que l’énergie est dépensée aussi bien en émissions qu’en réceptions des paquets.

Dans ce rapport, nous étendons le modèle de calcul d’énergie consommée par un flux sur un noeud du réseau. Lorsque le noeud est visité par le flux, le calcul inclut l’énergie consommée en émission et en réception. Ce modèle permet d’évaluer la consommation d’énergie dans un cas idéal: c’est-à-dire en l’absence d’interférences et de collisions entre les flux du réseau. Nous montrons ensuite comment étendre ce modèle pour prendre en compte les interférences et obtenir un modèle plus réaliste. Les collisions entre flux sont considérées et nous quantifions la quantité d’énergie supplémentaire due à ces collisions.

Mots-clés : Réseaux ad-hoc, énergie, interférences, IEEE 802.11b, collisions.

Contents

1 Introduction 4

2 State of the art and motivation 4 2.1 Power consumption model and characteristic of MANET . . . . . . . . . . . . 4 2.2 Energy-aware routing protocols . . . . . . . . . . . . . . . . . . . . . . . . . . 5 2.3 Measurement of energy consumption . . . . . . . . . . . . . . . . . . . . . . . 6

3 Model and measurement 7

4 Simulation 8 4.1 Simulation settings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 4.2 Calculation of energy required for transmission and reception of a single packet 9 4.2.1 For data packets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 4.2.2 For ACK packets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 4.2.3 Calculation of energy spent . . . . . . . . . . . . . . . . . . . . . . . . 9

5 Discussion and analysis of results 12 5.1 Single flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 5.2 Three flows . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 5.3 Four flows in a random network . . . . . . . . . . . . . . . . . . . . . . . . . . 15

6 Collision awareness 19

7 Conclusion 23

RR n° 5851

1 Introduction

A Mobile Ad hoc Network (MANET) is a decentralized infrastructure-less network where wireless nodes move arbitrarily. The node communicate directly to nodes in transmission range, and take part in multi-hop communication with others. Such networks are gaining more and more popularity because of their ease of deployment. However, they are subject to more challenges than conventional wireless and wired networks. Due to the shared wireless medium and its dynamic nature, such networks face various problems like unpredictable topology, increased interference and congestion, and limitation of resources like bandwidth and energy.

The nodes in this type of networks are usually power constrained since they depend on limited battery resources while wireless communications consume lot of energy. Wireless also means that there is a shared environment, and some energy is consumed due to neighborhood transmissions: nodes are spending their batteries not only by sending their own packets, but also by just overhearing packets from other nodes. As ad hoc network is based on multi-hop communication, energy is also spent by forwarding packets for others. The uniqueness of this decentralized network requires different energy management strategies. Design of ad hoc networks while considering the energy issues has spurred a great deal of research interest recently.

Feeney et al. [4, 3] have presented an energy consumption model in terms of the costs of both sending and receiving traffic. The results presented have become a basis of comparing the behavior of routing protocol considering the overhead due to routing as well as the data traffic. In this paper, we extend this model by calculating the energy consumed at each node due to flows in the network. We consider not only the transmission and reception costs of the nodes belonging to a flow, but also the costs due to interference of the flows in these nodes and other nodes in the neighborhood of the flows. By simulation, we show the accurateness of the model, then use this model to evaluate the effect of interference and collisions on the energy consumption.

The remainder of this paper is organized as follows. In section 2, we outline various energy management techniques and the energy measurement model presented by Feeney. In section 3, we present our model for calculating the energy costs at various nodes. Section 4 describes the simulation methodology, and section 5 presents the results and their discussion. A method for predicting collision and measuring the energy consumption due to collisions is discussed in section 6. Finally, we conclude in section 7.

2 State of the art and motivation

2.1 Power consumption model and characteristic of MANET

The wireless channel is characterized by signal strength attenuating with distance from the transmitter. The commonly used power-attenuation model for the decay of the signal is represented by the non-linear formula

P_R(d) =

P_T d^α (1) where P_T is the transmitted signal strength, d is the distance from the transmitter, P_R(d) is the amplitude of the received signal at distance d, and α is the path loss factor whose value is typically between 2 and 6. Nodes can correctly receive a packet if the signal strength of the packet at that node is above a certain threshold called Receive Threshold. If the distance between the transmitter and receiver is such that the signal strength is above this threshold, the receiver is said to be within the transmission range of the sender. There is a lower threshold called Carrier Sense Threshold, up to which the received signal strength is enough for the receiver to detect the packet sent, but the receiver is unable to receive it correctly. All received signals that fall between these thresholds cause the channel to be sensed busy and contribute to the interference at the receiver.

Another important parameter in wireless network is the Signal to Interference Ratio (SIR). This parameter gives the ratio of the received signal strength to that of the cochannel and adjacent channel interference. If the current SIR is lower than the SIR threshold β (typically of 10dB in 802.11 networks), even though the received signal strength is above the required Receive Threshold, it cannot be received correctly, as the interference signal is too high. In such a case, collision is said to have occurred, and the packet is lost. Increasing the power of transmission can increase the received signal strength, which could increase SIR, but it can also increase the interference for other nodes. In this paper, we will only consider omni-directional antenna, i.e., any other nodes within the wireless range of a node can be interfered by the node’s signal, thus increasing the chances of interference.

2.2 Energy-aware routing protocols

The mobile nodes in MANET usually need to be untethered, and thus powered by batteries which provide limited energy. In the absence of central controlling entity like a base station, each node have to participate in distributed protocol(s) for building routes, causing them to spend more energy. In the past few years, many energy-aware protocols have been proposed for wireless MANET and sensor networks. They are aiming at solving different goals as described below.

The first set of protocols try to minimize broadcast traffic, and the energy thus spent. BIP [21], LMST [8], and [14] are based on minimum-energy broadcasting using Minimum Spanning Tree development. Similarly, [19] uses Shortest-Path Tree development. There has also been some work done on the formation of a virtual backbone, like Connected Dominating Sets and other forms of clustering algorithms for routing purposes, e.g. [22].

The second set of protocols are based on topology control and minimum energy routing problems. The nodes can alter their transmit power level to maintain the connectivity of the network topology, while increasing network capacity, and reducing interference and energy consumption. Here, SIR threshold, transmit power and received signal strength are generally used to find the minimum transmission power required between any two nodes in

RR n° 5851

the network. Such protocols usually prefer several short hops to one long hop, as these have been found to reduce interference and contention in the network. [10] presents a protocol for finding the common lowest transmit power for all the nodes in the network, while maintaining network connectivity. Several routing daemons are proposed to run in parallel, one for each power level so that correct transmit power can be chosen at routing layer. [20, 16] present some topology control algorithms based on the geometric properties of the network. The protocol in [12] tries to limit the degree of the nodes by forming Minimum Spanning Tree (MST) based on local connectivity. PARO [5] uses a cost function based on transmit power level, and if intermediate nodes can forward with less total power, they offer to become the re-directors of packets. Similarly, [9] used hello messages to distribute transmission power, and uses the minimum power required to connect to a neighbor, while considering the costs of reception of a packet at the neighboring nodes.

Next set consists of routing for maximum network lifetime. In papers like [15, 1, 17, 18], routing is done by using an appropriate metric for optimization of power consumption of the network interface per packet, while taking into account the battery reserves at the nodes.

Few other protocols make use of the power save mode available in the network interface to reduce energy consumption. Since there is no central entity to control the sleep and wake up periods, some distributed control mechanism is required for such protocols. Example of such protocols are PAMAS [13], where the nodes sleep while overhearing packets not addressed to it, and protocols like SPAN [2], and GAF [23] where some of the nodes decide to stay up and handle the routing according to the topological properties of the network.

2.3 Measurement of energy consumption

Since energy is a scarce and non-renewable resource in wireless ad hoc networks, energyefficient protocol design is a key concern. The design and performance analysis of such protocols require proper modeling for the measurement of energy consumption. Feeney et al. [4, 3] presented some results of measuring energy consumptions of various network interfaces. Four possible energy consumption states are identified: transmit, receive, idle and sleep. The first two state are when the node is transmitting and receiving packets respectively, the idle state is when the node is waiting for any packet transfers, and the sleep state is a very low power state where the node can neither receive nor transmit.

The cost associated with each packet at a node is represented as the total of incremental cost m proportional to the packet size and a fixed cost b associated with channel acquisition:

Cost = m × size + b (2)

Thus, the cost of a broadcast packet will be of the form

Cost_{broadcast} = m_{send} × size + b_{send} + ∑ n∈S (m_{recv} × size + b_{recv}) (3) where

S = set of nodes within transmission range of transmitting node m_{send}, b_{send} = incremental and fixed cost for sending the broadcast packet, m_{recv}, b_{recv} = incremental and fixed cost for receiving the broadcast packet.

Similarly, the cost of point-to-point traffic at the sender and receiver while considering presence of RTS/CTS control messages in 802.11 based networks can be respectively represented by the following equation:

Cost_{unicast}__{sender} = b_{sendctl} + b_{recvctl} (4) +m_{send} × size + b_{send} + b_{recvctl} Cost_{unicast}__{receiver} = b_{recvctl} + b_{sendctl} (5) +m_{recv} × size + b_{recv} + b_{sendctl}

where

b_{sendctl} = fixed cost for sending a control packet, b_{recvctl} = fixed cost for receiving a control packet.

Besides this model for energy costs, it was also shown that the energy consumed by an idle network interface dominates the total energy consumption (about a magnitude more than sleep mode).

Developing on this energy model, we present a simple model to calculate the energy spent at each node due to the flows present in the network. Using the power consumption values for transmit and receive state as measured in Feeney’s results, we show through simulations in NS-2 that in an ideal network without any interference and collisions, our model gives exact measurement of energy consumption in nodes due to a flow in the network. Then this model is used to compare the energy consumption in non-ideal simulation settings to evaluate the effect of interference and collision on energy. In fact, similar model can be used to measure other parameters of the network like bandwidth [11] in order to carry out performance evaluation of routing protocols.

3 Model and measurement

The energy spent at each node due to a flow can be calculated in a simple way according to our model. Figure 1 shows the model that was used. Depending on whether the node belongs to a flow or not and where in the flow the node in question or nodes effecting it are

RR n° 5851

situated, the total energy expenditure at a node due to another node in the network can be calculated as follows:

E_{N/M} = 1_{n>0}(1_{M=N} E_{Tack} + 1_{M≠N} E_{Rack} ) +1_{m>0}(1_{M=N} E_{Tpck} + 1_{M≠N} E_{Rpck} ) (6)

where

E_{N/M} = energy spent at node N due to node M, E_{Tack} = energy spent for transmission of one acknowledgement packet, E_{Tpck} = energy spent for transmission of one data packet, E_{Rack} = energy spent for reception of one acknowledgement packet, E_{Rpck} = energy spent for reception of one data packet

1_p = { 1 p is true, 0 otherwise.

Figure 1: Effect on node N due to node M in flow f

4 Simulation

Using the model presented in the previous section, a number of simulations were done in NS-2 to experiment with energy consumption in wireless ad hoc networks, where the flows affect/interfere with each other. The main aim was to measure energy at the nodes in the flow and see how the energy consumption is affected by interference from other flows, so that effect of collisions can be observed. The simulation settings and results will be discussed next.

4.1 Simulation settings

Nodes have the default transmission range of 250m and a Carrier Sense range of 500m. The RTS/CTS option is turned off in the MAC layer. Various Constant Bit-Rate (CBR) flows at a bit rate of 250kbps are considered for the simulation time of 600s each. The size of the data packets is set at 1.5 KB.

4.2 Calculation of energy required for transmission and reception of a single packet

4.2.1 For data packets

Packet length = 1500 bytes, Bit rate = 250 kbps (48 ms/packet or 20.8 packets/sec) Total packet size = size of (preamble + PLCP header + MAC header + IP header + data) = (144 + 48 + 28 × 8 + 20 × 8 + 1500 × 8) bits (default values, as used in NS-2). Although, the preamble and PLCP header are transmitted at 1Mbps while the rest are sent at 11 Mbps. Thus, we have 144 + 48 bits sent at 1 Mbps, with a transmission time for single packet = 0.19 ms.

With 8 × 1548 bits sent at 11 Mbps, the transmission time for a single packet is^{8×1548}_{11×106} = 1.128 ms.

Hence the total transmission time for a single packet = 1.128 + 0.19 = 1.318 ms

4.2.2 For ACK packets

Packet length = 14 bytes, bit rate = 250 kbps Total packet size = size of (preamble + PLCP header + ACK) = (144 + 48 + 14 × 8) bits So, transmission time for single packet = 0.304 ms

4.2.3 Calculation of energy spent

For the simulation, the typical transmission and reception cost for Lucent Silver card as specified in [3, 4] was used. Thus, transmission power used was 1.3 mW, and reception power was 0.9 mW. Thus, the various energy cost components were

E_{Tpck} = 1.3 × 1.318 × 10^{−3} = 1.713mW

E_{Rpck} = 0.9 × 1.318 × 10^{−3} = 1.186mW E_{Tack} = 1.3 × 304 × 10^{−6} = 0.395mW E_{Rack} = 0.9 × 304 × 10^{−6} = 0.274mW

Thus, using the energy calculation equation (6), the energy for the flow as shown below was calculated for each node in the flow shown below:

0 � 1 � 2 � 3 � 4 � 5 � 6

RR n° 5851

For node 0:

E_{0/0} = E_{Tpck} = 1.713mW E_{0/1} = E_{Rack} + E_{Rpck} = 1.46mW E_{0/2} = E_{Rack} + E_{Rpck} = 1.46mW E_0 = 4.633mW

Similarly, energy was calculated for other nodes. The calculated values were compared with the energy expenditure of the nodes per second (first, the results above have to be multiplied by 20.8 for the number of packets being generated by the flow per second). The difference in the two energy levels gave the excess energy lost due to packet collisions during the simulation. Other more complex scenarios were then tested. The first one consists of

(a) Flows

(b) Neighbors and interfering nodes shown with lines and dashed lines respectively for node 0 and 7

Figure 2: Simulation network with 3 flows.

three flows, each flow consisting of 7 nodes (see Figure 2), and the second one consists of 4 flows in a network with 200 nodes created randomly in random locations (see Figure 6)

(a) Flows

(b) Neighbors and interfering nodes shown with lines and dashed lines respectively for node 0 and 7

Figure 3: Simulation network with 3 flows, middle in opposite direction. Neighbors and interfering nodes are as shown in figure 2.

RR n° 5851

5 Discussion and analysis of results

5.1 Single flow

In the simple case of a single flow, the objective was to find the correctness of the formula calculated above (6). Since there was no interference involved, it was expected that the simulated and calculated values should match. It was found that the calculated and simulated energy levels were exactly the same, proving the correctness of the formula.

5.2 Three flows

For the case with 21 nodes and 3 flows, two cases were considered, one where all the flows are in the same direction (Figure 2) and one where flow 1 is in the opposite direction (Figure 3). The result of the simulation is as shown in Figure 4.

From the results, there is a larger difference in the calculated and simulated energy consumption in the source nodes (up to about 83mW/sec), showing that these nodes have to transmit and receive more, most probably due to collisions. This can be explained, for example, for flow 1, nodes 0 and 3 can transmit at the same time, since they are not in the carrier sense region of each other, but 3 acts as a hidden node to node 0, causing collisions at node 1. This is verified by figure 5, which shows the number of packets destined/forwarded to the nodes that were lost due to collisions and also the number of retransmissions by the nodes. It is seen that for the first flow, lots of packets forwarded to node 1 from node 0 are lost due to collisions, requiring node 0 to retransmit them. Since transmission requires more energy than reception, node 0 shows more energy consumption due to retransmission than node 1 due to reception of the retransmitted packets. Similar behaviour is seen in nodes of other flows, cause more energy loss at nodes that retransmit and some energy loss in the colliding nodes due to reception of the retransmitted packets. Please see section 6 for more discussion of these results on collision.

The results show that source nodes experience about 31% increase in energy consumption due to collisions. It is also noticed that some node actually consume less energy than that calculated. This is due to the fact that, when doing the calculation, we assume that each flow is continuous, creating/forwarding a new packet for each packet interval at each node, causing energy consumption at nodes in the flow and nearby. However, due to various factors like backoff due to the medium being busy, packets being lost and needing retransmissions due to collisions, and delay before and ACK is received due to the previous reasons, the flow is not actually continuous. The final energy measured, which is the average energy spent by nodes each second, can be lower if a node is not able to transmit some packets during the simulation time due to long delays.

When the flow in the middle is in the opposite direction (note that, although the flow is still from node 0 to node 6, the position of these nodes are interchanged), the difference in energy is greater, up to 42%. In the middle flow, the effect of collisions and retransmissions is maximum for the end nodes (node 4, 5, 6), while it is more for the source node and other nodes in beginning of the flow in the other two flows. It shows that the source nodes in

MANET Energy Evaluation 13

(a) All flows in the same direction (b) Middle flow in the opposite direction

(c) All flows in the same direction with jitter added

Figure 4: Energy consumption rate of nodes in the network with 3 flows

RR n° 5851

(a) All flows in the same direction (b) Middle flow in the opposite direction

(c) All flows in the same direction with jitter added

Figure 5: Number of packets that caused extra energy consumption (due to collisions and retransmissions) of nodes in the network with 3 flows flows 2 and 3 effect the node 4, 5, 6 the greatest. As mentioned above, node 3 still causes collisions in node 1 in flow 1, but due to collisions in the flows 3 and 4, the source nodes transmit/retransmit more packets causing more energy loss at these three nodes. This shows that inter-flow collisions can cause a significant amount of energy consumption.

When evaluating flows at the same rate and when all the flows are started at the same time, collisions are more likely to take place than when there is some delay between the flows. When a jitter is added, collisions decrease by a large amount. In the simulation (see Figure 4(c)), some jitter is added between the flows so that the second flow starts just after the first flow finishes the transmission of 1 packet (assuming no collision), so that inter-flow collisions are greatly reduced. In this case, the increase in energy is now reduced to about 19%, but overall, the energy consumption is more balanced, and introduces less collisions than in no jitter cases. The number of retransmissions are thus greatly reduced, as can be seen in figure 5.

5.3 Four flows in a random network

For the case of 200 nodes and 4 flows, 4 cases were considered:

• SIR is cumulative, no jitter between the flows,

• SIR is cumulative, jitter present between the flows,

• SIR is non-cumulative, no jitter between the flows,

• SIR is non-cumulative, jitter present between the flows.

By default, NS-2 uses a non-cumulative SIR model, where the noise from the longest signal is taken to calculate the SIR for each reception. This model does not accurately represents the real environment.

In our model, a cumulative SIR model is added, where the noise taken was the sum of reception power of all signals that could be heard at the node receiving a packet, and reception is successful only if the new SIR is greater than the carrier sense threshold.

The results of the simulations for the energy consumption rate of some nodes, among 200 randomly placed nodes, are shown in Figures 7 (without jitter and with non- cumulative SIR Model) and 8 (with jitter and cumulative SIR Model). For each node presented, the calculated (left) and simulated (right) energy values are presented.

For this network and flow settings, the results were similar to that of the three flows cases: the source nodes shows the most energy loss. In the default case, with no jitter and SIR non-cumulative, collisions may increase the energy consumption by up to 45.4%. The introduction of jitter into the model reduces the number of collisions decreasing the energy consumption by up to 26.5%, but is about 6% in average.

Both the cases with jitter and no jitter were also compared to the case where a cumulative SIR is used, but the energy consumption while using cumulative and non-cumulative SIR model did not show significant differences.

RR n° 5851

Figure 6: Simulation network with 200 randomly placed nodes and 4 flows

(a) Flow 1 (b) Flow 2

(c) Flow 3 (d) Flow 4

Figure 7: Energy consumption rate of the nodes of the 4 flows, without jitter and with non-cumulative SIR Model

RR n° 5851

(a) Flow 1 (b) Flow 2

(c) Flow 3 (d) Flow 4

Figure 8: Energy consumption rate of the nodes of the 4 flows, with jitter and with cumulative SIR Model

Thus, it was seen that though collisions between different flows can increase the energy consumption significantly, introduction of jitter can decrease such collision probabilities. It would be interesting to extend the experiments to include more flows in very dense networks, where the carrier sense diminishes at the center of the network due to extensive interference and collisions [6, 7].

6 Collision awareness

It can be deduced from the results presented here, that collisions can effect the energy consumption of nodes in the network. The energy measurement model presented in this paper takes into account all the nodes that are in the reception area of the flow. So, not all collisions may result in more energy consumption. The main effect of collision will be at the nodes in the flow, where the packets that was forwarded to them collide, so that they have to be resent. So only these collisions were measured. As predicted, the nodes at which such collisions occur and the nodes which have to retransmit as the result, show more decrease in energy. Since transmission requires more energy than reception, nodes retransmitting show more energy consumption due to retransmission than the colliding nodes which consume more energy due to reception of the retransmitted packets.

Due to the carrier sensing mechanism and backoff procedure used when a node wants to send a packet but the channel is not idle, the probability that two transmitter nodes collide can be neglected when these nodes are neighbors. However, this is no longer the case when they do not hear each other. That is why, in this paper, we are interested in the case of collisions on a link due to hidden nodes to that link, as we assume that no RTS/CTS is used. Let us consider a link (T, R) where T is the transmitter and R is the receiver. A packet being transmitted from node T to node R encounters a collision if and only if during its transmission, a hidden node also transmits. We recall that a hidden node to the link (T, R) is any node H that can be heard from node R and can not be heard from node T . In the following, we assume that the number of hidden nodes to any link, denoted n_{hidden}, is available.

Thus, if the duration of transmission of a packet on the link (T, R) is t_{trans} and the amount of time the channel is sensed idle (no noise is detected) at node T is t_{idle}, where t_{idle} > t_{trans}, then the probability of collision on that packet is p =^{ttrans}_{tidle} , given that there is at least one hidden node.

Let t_{busy} be the amount of time the channel is busy at node T due to node T ’s own traffic and noises detected. The total amount of time node T spends due to retransmissions of a packet due to i successive collisions is given by Θ_i = i(t_{trans} + EIF S) +

∑_i j=1 CW_j , where EIF S is the Extended Interframe Space following reception of an erroneous frame and CW_j is the average size of the contention window at j^{th} stage according to the IEEE 802.11b standard where CW_j is given by CW_j = CW_{min} ∗ 2^j − 1. Therefore, the percentage of time the channel is sensed idle after i successive collisions on the same packet is t_i = 1 −^{tbusy +Θi}_{tarrival} , where t_{arrival} is the inter-arrival time of packets on link (T, R).

RR n° 5851

We can now compute the amount of energy consumption at a node N due to collisions on the link (T, R), denoted E^N_{(T,R)}, using the collision model presented in [11], under the assumption that a packet collides at most once with a given hidden node:

E^N_{(T,R)} =

∑_{nhidden} i=1 i(E^N_T + E^N_R )δ_i 1 + ∑_{nhidden} i=1 δ_i

where δ_i = t^i_{trans} ∏_{i−1} j=0 t_j

is the probability of encountering i successive collisions on a packet, given that at least one collision is encountered,

E^N_{NT} =

E_{Tpck} if N ≡ T E_{Rpck} if N can receive packets from T 0 otherwise, and E^N_{NR} =

E_{Tack} if N ≡ R E_{Rack} if N can receive packets from R 0 otherwise.

Let L be the set of links that interfere with node N; i.e. node N is in the reception area of either the transmitter or the receiver of each link. The amount of energy consumed at node N due to packet collisions of L is E^N_L = ∑ l∈L E^N_l .

Figures 9 and 10 compare the results of packet collisions obtained by NS-2 simulations and by computation using the above formula. We use the same parameters of packet size, bit rates and node configuration for the simulations and computation as in section 4. We notice that the results obtained by computation relatively match with the ones obtained by NS-2 simulations. This shows that the collision model presented here can predict collisions in the nodes belonging to a flow and thus the energy spent because of the collisions. It should be noted again that retransmission requires more energy than reception causing retransmitting nodes to consume more energy than those receiving the packet again due to collision.

(a) Flow 1 (b) Flow 2

(c) Flow 3 (d) Flow 4

Figure 9: Number of packets that caused extra energy consumption (due to collisions and retransmissions) at the nodes of the four flows, with jitter and cumulative SIR Model, obtained by NS-2 simulations.

RR n° 5851

(a) Flow 1 (b) Flow 2

(c) Flow 3 (d) Flow 4

Figure 10: Amount of extra energy consumed (due to collisions and retransmissions) at the nodes of the four flows, obtained by computation.

7 Conclusion

This paper mainly presents a new model for calculating the energy consumption at a node due to various flows in the network. Such a measurement can be used for calculating costs in energy aware routing, performance evaluation of other routing protocols and even in flows requiring QoS where, besides other resource guarantees for the flow being accepted, it is also guaranteed that the selected route does not die midway.

We evaluated the accuracy of the model, and found it to give exact measurements in ideal network conditions with no interference or collisions. The model was then used to calculate the energy consumption of more complex flows, and the comparison of calculated and simulated values allowed for an evaluation of how the flows interfere with each other. Through simulations, it was shown that the flows may interfere each other, causing the energy consumption to increase up to about 46% due to the collisions that occur. It was also noticed that introducing some jitter between the flows reduce the number of collisions, decreasing the energy consumption change to about 27%. The default SIR model in NS-2 was also changed to include a cumulative model where the total interference is the sum of all the noises in the background. It was however found to bring insignificant changes in the energy consumption as compared to the default model.

Finally, since we concluded that collision is the main cause of discrepancies between our simulated result and calculated values, we tried to measure this extra energy consumed by predicting the collisions in the nodes of the network, and calculating the energy spent due to these collisions. The prediction was also found to be accurate, with the calculated values matching the values simulated. This result further strengthens the correctness of the model for energy measurement. The models presented here can be used to define the problem of minimum energy consumption and we are looking at it as a possible future extension.

Acknowledgment

Part of this work was done while Géraud Allard, Philippe Jacquet and Dang-Quan Nguyen were visiting Bernard Mans at Macquarie University in December 2004. The authors wish to thank Philippe and Bernard for their early comments and advices.

References

[1] J.-H. Chang, and L. Tassiulas, “Energy conserving routing in wireless ad-hoc networks,” In Proc. of IEEE Infocom, vol. 1, pp. 22-31, 2000.

[2] B. Chen, K. Jamieson, H. Balakrishnan, and R. Morris,“Span: An energy-efficient coordination algorithm for topology maintenance in ad hoc wireless networks,” in Proc. MOBICOM, July 2001

RR n° 5851

[3] L. M. Feeney, “Energy Efficient Communication in Ad Hoc Wireless Networks,” Computer and Network Architectures Laboratory, Swedish Institute of Computer Science, http://www.sics.se/ lmfeeney/chapter_done.pdf, 2003

[4] L. M. Feeney, M. Nilsson, “Investigating the energy consumption of a wireless network interface in an ad hoc networking environment,” In Proc. of IEEE Infocom, April 2001.

[5] J. Gomez, A. T. Campbell, M. Naghshineh and C. Bisdikian, “Conserving Transmission Power in Wireless Ad Hoc Networks,” in Proc. of the Ninth International Conference on Network Protocols (ICNP’01), p.24, November 2001

[6] P. Jacquet, “Space-time Information Propagation in Mobile ad hoc Wireless Networks,” 2004 IEEE Information Theory Workshop, Texas, October 2004

[7] P. Jacquet, “Geometry of Information Propagation in Massively Dense ad hoc Networks,” MobiHoc 2004, Tokyo, Japan, May 2004

[8] N. Li, J. Hou, and L. Sha, “Design and Analysis of an MST-Based Topology Control Algorithm,” in Proc. INFOCOM 2003.

[9] B. H. Liu, Y. Gao, C. T. Chou, S. Jha,“An Energy Efficient Select Optimal Neighbor Protocol for Wireless Ad Hoc Networks,” Technical Report, UNSW-CSE-TR-0431, Network Research Laboratory, University of New South Wales, Sydney, Australia, October 2004

[10] S. Narayanaswamy, V. Kawadia, R. S. Sreenivas, and P. R. Kumar, “Power control in ad-hoc networks: Theory, architecture, algorithm and implementation of the COMPOW protocol,” in European Wireless Conference, 2002.

[11] D. Nguyen, P. Minet, “Evaluation of the Bandwidth Needed at the MAC 802.11b Level,” Research Report, number 5553, INRIA, France, April 2005.

[12] R. Ramanathan and R. Rosales-Hain, “Topology Control of multihop wireless networks using transmit power adjustment,” in: Proc. IEEE INFOCOM, Tel-Aviv, Israel, 2000.

[13] S. Singh and C. S. Raghavendra, “Power efficient MAC protocol for multihop radio networks,” in The Ninth IEEE International Symposium on Personal, Indoor and Mobile Radio Communications, pp. 153-157, 1998.

[14] S. Singh, C.S. Raghavendra and J. Stephanek, “Power-aware broadcasting in mobile ad hoc networks,” Technical report, Oregon State University, Department of Electrical and Computer Engineering, 1999.

[15] S. Singh, M. Woo, and C. Raghavendra, “Power-aware routing in mobile ad hoc networks,” in Proc. 4th Annual ACM/IEEE Int. Conf. Mobile Computing Networking (MobiCom), Oct. 1998.

[16] W. Song , Y. Wang , X. Li, “Localized algorithms for energy efficient topology in wireless ad hoc networks,” Proceedings of the 5th ACM international symposium on Mobile ad hoc networking and computing, Tokyo, Japan , May 2004.

[17] C.-K. Toh, Maximum battery life routing to support ubiquitous mobile computing in wireless ad hoc networks, IEEE Communications Magazine, pp. 138-147, June 2001.

[18] T. M. Trung and S-.L. Kim, "ERA: Energy-Saving Routing Algorithms for Ad Hoc Networks," in Proc. Australian Telecommunications, Networks and Applications Conference, Melbourne, Australia, 2003

[19] P.J. Wan, G. Calinescu, X.Y. Li, and 0. Frieder, “Minimum-Energy Broadcast Routing in Static Ad Hoc Wireless Networks,” in Proc. 20th Ann. Joint Conf. IEEE Computer and Comm. Soc., INFOCOM„ Anchorage, Alaska, April 2001.

[20] R. Wattenhofer, L. Li, V. Bahl, and Y. Wang, “Distributed topology control for power efficient operation in multihop wireless ad hoc networks,” in IEEE INFOCOM. April 2001

[21] J.E. Wieselthier, G.D. Nguyen and A. Ephremides, “On the construction and energyefficient broadcast and multicast trees in wireless networks,” in: Proc. IEEE INFOCOM, Tel-Aviv, Israel, 2000.

[22] J. Wu and F. Dai, “A Distributed Formation of a Virtual Backbone in Ad Hoc Networks using Adjustable Transmission Ranges,” In Proc. of ICDCS, 2004.

[23] Y. Xu, J. Heidemann, and D. Estrin, “Geography-informed energy conservation for ad hoc routing,”. In Proc. of 7th Annual International Conference on Mobile Computing and Networking, pp. 70-84, July 2001.

RR n° 5851

Results of the 3 flows, 21 nodes case

(a) All flows in the same direction (b) Middle flow in the opposite direction

(c) All flows in the same direction with jitter added

Figure 11: Total number of collisions at the nodes in the network with 3 flows

(a) All flows in the same direction (b) Middle flow in the opposite direction

(c) All flows in the same direction with jitter added

Figure 12: Total number of CBR packets from previous dropped due to collisions at the nodes in the network with 3 flows

RR n° 5851

28 Allard et al.

(a) All flows in the same direction (b) Middle flow in the opposite direction

(c) All flows in the same direction with jitter added

Figure 13: Total number of retransmissions at the nodes in the network with 3 flows

Results of the 4 flows, 200 nodes case, with jitter and cumulative SIR Model

(a) Flow 1 (b) Flow 2

(c) Flow 3 (d) Flow 4

Figure 14: Total collisions at the nodes of the 4 flows, with jitter and cumulative SIR Model

RR n° 5851

(a) Flow 1 (b) Flow 2

(c) Flow 3 (d) Flow 4

Figure 15: Total number of CBR packets from previous dropped due to collisions at the nodes of the 4 flows, with jitter and cumulative SIR Model

(a) Flow 1 (b) Flow 2

(c) Flow 3 (d) Flow 4

Figure 16: Total number of ACK packets destined to itself dropped due to collisions at the nodes of the 4 flows, with jitter and cumulative SIR Model

RR n° 5851

(a) Flow 1 (b) Flow 2

(c) Flow 3 (d) Flow 4

Figure 17: Total number retransmission at the nodes of the 4 flows, with jitter and cumulative SIR Model

Results of the 4 flows, 200 nodes case, with jitter and noncumulative SIR Model

(a) Flow 1 (b) Flow 2

(c) Flow 3 (d) Flow 4

Figure 18: Total collisions at the nodes of the 4 flows, with jitter and non-cumulative SIR Model

RR n° 5851

(a) Flow 1 (b) Flow 2

(c) Flow 3 (d) Flow 4

Figure 19: Total number of CBR packets from previous dropped due to collisions at the nodes of the 4 flows, with jitter and non-cumulative SIR Model

(a) Flow 1 (b) Flow 2

(c) Flow 3 (d) Flow 4

Figure 20: Total number of ACK packets destined to itself dropped due to collisions at the nodes of the 4 flows, with jitter and non-cumulative SIR Model

RR n° 5851

(a) Flow 1 (b) Flow 2

(c) Flow 3 (d) Flow 4

Figure 21: Total number retransmission at the nodes of the 4 flows, with jitter and noncumulative SIR Model

(a) Flow 1 (b) Flow 2

(c) Flow 3 (d) Flow 4

Figure 22: Number of packets that caused extra energy consumption (due to collisions and retransmissions) at the nodes of the 4 flows, with jitter and non-cumulative SIR Model

RR n° 5851

Results of the 4 flows, 200 nodes case, with no jitter and cumulative SIR Model

(a) Flow 1 (b) Flow 2

(c) Flow 3 (d) Flow 4

Figure 23: Total collisions at the nodes of the 4 flows, with no jitter and cumulative SIR Model

(a) Flow 1 (b) Flow 2

(c) Flow 3 (d) Flow 4

Figure 24: Total number of CBR packets from previous dropped due to collisions at the nodes of the 4 flows, with no jitter and cumulative SIR Model

RR n° 5851

(a) Flow 1 (b) Flow 2

(c) Flow 3 (d) Flow 4

Figure 25: Total number of ACK packets destined to itself dropped due to collisions at the nodes of the 4 flows, with no jitter and cumulative SIR Model

(a) Flow 1 (b) Flow 2

(c) Flow 3 (d) Flow 4

Figure 26: Total number retransmission at the nodes of the 4 flows, with no jitter and cumulative SIR Model

RR n° 5851

(a) Flow 1 (b) Flow 2

(c) Flow 3 (d) Flow 4

Figure 27: Number of packets that caused extra energy consumption (due to collisions and retransmissions) at the nodes of the 4 flows, with no jitter and cumulative SIR Model

Results of the 4 flows, 200 nodes case, with no jitter and non-cumulative SIR Model

(a) Flow 1 (b) Flow 2

(c) Flow 3 (d) Flow 4

Figure 28: Total collisions at the nodes of the 4 flows, with no jitter and non-cumulative SIR Model

RR n° 5851

(a) Flow 1 (b) Flow 2

(c) Flow 3 (d) Flow 4

Figure 29: Total number of CBR packets from previous dropped due to collisions at the nodes of the 4 flows, with no jitter and non-cumulative SIR Model

(a) Flow 1 (b) Flow 2

(c) Flow 3 (d) Flow 4

Figure 30: Total number of ACK packets destined to itself dropped due to collisions at the nodes of the 4 flows, with no jitter and non-cumulative SIR Model

RR n° 5851

(a) Flow 1 (b) Flow 2

(c) Flow 3 (d) Flow 4

Figure 31: Total number retransmission at the nodes of the 4 flows, with no jitter and non-cumulative SIR Model

(a) Flow 1 (b) Flow 2

(c) Flow 3 (d) Flow 4

Figure 32: Number of packets that caused extra energy consumption (due to collisions and retransmissions) at the nodes of the 4 flows, without jitter and with non-cumulative SIR Model

RR n° 5851

Unité de recherche INRIA Rocquencourt Domaine de Voluceau - Rocquencourt - BP 105 - 78153 Le Chesnay Cedex (France)

Unité de recherche INRIA Futurs : Parc Club Orsay Université - ZAC des Vignes 4, rue Jacques Monod - 91893 ORSAY Cedex (France) Unité de recherche INRIA Lorraine : LORIA, Technopôle de Nancy-Brabois - Campus scientifique 615, rue du Jardin Botanique - BP 101 - 54602 Villers-lès-Nancy Cedex (France) Unité de recherche INRIA Rennes : IRISA, Campus universitaire de Beaulieu - 35042 Rennes Cedex (France) Unité de recherche INRIA Rhône-Alpes : 655, avenue de l’Europe - 38334 Montbonnot Saint-Ismier (France) Unité de recherche INRIA Sophia Antipolis : 2004, route des Lucioles - BP 93 - 06902 Sophia Antipolis Cedex (France)

Éditeur INRIA - Domaine de Voluceau - Rocquencourt, BP 105 - 78153 Le Chesnay Cedex (France)

http://www.inria.fr ISSN 0249-6399