Throughput optimization in multihop CSMA mobile adhoc networks

Paul Mühlethaler and Abdellah Najid

INRIA Rocquencourt France, INPT Rabat Marocco . e-mail:Paul.Muhlethaler@inria.fr,najid@inpt.ac.ma

Abstract: A lot of research has been done in routing protocols for ad-hoc network especially at the IETF in the working group MANET. These studies have mostly focused on the conception of routing protocols for mobile radio networks where the radio channel capacity is generally limited. The present work does not target the study of these routing protocols but investigate how carrier sense multiple access (CSMA) protocols can be tuned to optimize the network throughput. We build two models of interference of simultaneous transmissions and conduct simple computations to guide our optimizations. The first interference model only considers the strongest interferer as the second one takes into account all the contributions. We use simulations to test our optimizations results. The result of this paper is a guide to optimize CSMA multihop networks; the obtained results show that a good tuning of CSMA protocols in term of carrier sense threshold and transmission range allows one to gain a lot of network throughput (up to 90% depending on scenarios).

1. Introduction

The major progress in wireless modem has opened a new technical area around Wireless LAN e.g. IEEE 802.11 [1], HiPERLAN [8], Bluetooth. Mobile adhoc networking is a new research area which has benefited from this emerging wireless technology. Contrary to LANs where the propagation constraints usually do not impose stringent restrictions, in WLANs the transmission range is very limited. The network connectivity has to rely on a routing algorithm which allows packet exchange between nodes not directly within radio reach, see figure 1. Thus, in ad-hoc networks, the routing issue is a very important subject. This area has received a strong interest from the academic world. At the Internet Engineering Task Force (IETF) a new working group MANET (Mobile Adhoc NETwork) has started in 1997. This group has produced numerous routing proposals [17, 12, 10, 2, 6]. A lot of publications have compared various routing algorithms for ad-hoc networks.

On multihop networks we cannot avoid the hidden collision issue. After the initial paper from Tobabgi [21] numerous papers mostly in the 90s proposed dedicated protocols to cope with this problem [13, 5, 20, 7, 9]. The general idea of these protocols is to implement a mechanism in the receiver to protect its reception. Since the busy tone technique requires a complex modem, another way is to require a packet a handshake before the actual transmission of the packet. This technique had been adopted by the IEEE 802.11 standard as an option called RTS/CTS (Request To Send / Clear To Send), acronym of the two packets exchanged between the source and the destination before the actual transmission. The benefit of this method is questionable. First it incurs a significant overhead due to radio switching times and synchronization delays. Second a recent publication mentions con-

Figure 1: An adhoc network which needs routing to ensure a proper connectivity

gestion with this scheme [18]. As it will be shown in details in this paper, CSMA protocols ensure in principle that no concurrent transmission occurs in the vicinity of an already transmitting node. The range of the “exclusion area” around the transmitter can be tuned by the carrier sense threshold; by neighbor effect CSMA protocols which are “protecting the transmitter” are then also protecting the receiver against concurrent transmission. Since CSMA protocols are generic, simple and do not show the above mentionned problems, we have decided to focus our study on these protocols.

In this article our goal is to investigate the global throughput of a multihop CSMA adhoc network. Although we may have different variants in CSMA protocols e.g. rule for the first transmission attempt, backoff strategy... the main performance of these protocols are driven by the exclusion effect induced by carrier sensing. In the present study we aim to optimize the global throughput of the network by tuning the parameters of the carrier sensing mechanism.

This paper is organized as follows: the next section introduces our study. We review results obtained in [11] and we explain how our work can be related to them. We develop a simple model to evaluate the maximum throughput of a CSMA multihop network and we deduce that there are at least two parameters: the carrier sense range and the transmission range to optimize the throughput of an adhoc network. Section 3 will be devoted to the study of the throughput optimization with respect to these two parameters. We will use two models. The first one only considers the strongest interferer.

The second one considers the contribution of all the interferer. In section 4 we present simulation results of an ad-hoc network using an IEEE 802.11b wireless interfaces and running OLSR [2] as routing protocol. The medium sharing of the widespread IEEE 802.11 standard [1] is a CSMA protocol with special additionnal features: MAC acknowledgement, optimized backoff time update, binary exponential backoff... It is the ideal candidate to carry simulations to test our optimizations of CSMA protocols.

2. Throughput of a multihop wireless network

In a recent paper [11] Gupta and Kumar show that the actual throughput of a node in a multihop wireless network with n randomly located nodes using a SIR (Signal over Interference Ratio) model to evaluate the success of transmissions is actually O(^W√_{n log(n)} ) where W

denotes the bandwidth in bit/s of the shared medium. They actually prove this result demonstrating that this bound is an upper bound and exhibiting a scheduling scheme and a routing scheme which actually offer this figure. Although this result is quite technical, we can offer a simple understanding of this result. Let us assume that the range for one hop is r(n). If we assume that with a non interference protocol a circle of radius r(n) is consumed for a single transmission, then we have at most O(W S/πr(n)^2) simultaneous transmissions if S denotes the area of the network. Let us call L the mean number of hops that a packet will experiment to reach its destination. Obviously we have L = O( √ S/r(n)) thus we can deduce that the offered bandwidth for the whole network is O( √ S/πr(n)). To complete the computation we just have to choose r(n). This transmission range has to meet two criteria. The first one is to connect the network. The second is to optimize the throughput. In [11] it is shown that these two requirements lead to the same range r(n) = O( √ S log(n)/n) thus the throughput that can be achieved in the network is O(^{W √n}√_{log(n)} ) which indeed gives the expected throughput for a single network node.

These results are of interest because they give general bounds for the throughput of a multihop network. However, these results are asymptotic. Most of them hold only for networks with a large density of nodes. Additionally, they are not directly explaining how to optimize a CSMA protocol in a multihop adhoc network. The goal of this article is precisely to investigate in these two directions.

2.1. Physical layer and carrier Sense multiple access modelisation We will assume that the power received at distance r from a transmitting node is given by P (r) =^{P0}_{rα} where P_0 is the power received at 1m of the source and α is the decay factor. As in [11], we will use the SIR (Signal over Interference Ratio) to qualify transmission and we will denote by I the sum of the interference resulting from simultaneous transmissions and the noise, K will denote the capture level. Additionaly to properly receive a packet, the received transmission power must be above a given threshold P_{thres}. Thus the conditions of a correct transmission can be summarized as it follows:

P (r) ≥ P_{thres} and P (r) I ≥ K.

In multihop adhoc networks the access technique may belong to two different kinds: random access technique and controlled access technique. However due to the complexity led in multihop adhoc networks by phenomenon like spatial reuse or hidden collision, the use of controlled access techniques seems very difficult and the random access techniques are to be preferred. Ad hoc networks are generally open network where nodes often enter or leave the network. This genuine property of ad hoc networks is also in favor of random access. The ancestor of the random access technique is ”Aloha”. This scheme has been widely improved the carrier sensing and the obtained CSMA (Carrier Sense Multiple Access) is the usual access technique used in WLANs. For instance the access technique used in IEEE 802.11 and in HiPERLAN type 1 is based on a CSMA scheme.

The CSMA scheme can be simply modeled. It is well known that it is impossible to transmit and receive in the same time in a CSMA system. Therefore whenever a node A transmits, this node will block the transmission access for other nodes in the vicinity of A. We call this area around A the “carrier sense area”. However, the data signal sent by A can not successfully be received in all the exclusion area, the data will be successfully received in a smaller area called the “reception area”, the range of this area can be tuned by the carrier sense threshold which determines the level of signal above which a transmission has to be differed. In a simple model with no obstacles and with a signal decay function of the distance, the carrier sense area and the reception area will be disks of radius respectively noted R_{cs} and R, see figure 2.

Figure 2: Carrier sense area and reception area

Addionnaly to the listen before talk procedure, CSMA protocols must incorporate another scheme to schedule transmission when the channel is busy. This schedule is usually a simple backoff scheme. In a wireless context, CSMA protocols often use an acknowledgement packet for the point to point traffic. This acknowledgement is usually sent by the recipient just after the received packet.

2.2. Estimation of the maximum throughput of a multihop network with a simple model Computing the exact throughput of a multihop ad-hoc network seems to be extremely complex. Our aim in this section is to compute an estimation of the network throughput with a simple model and to derive the parameters which will influence this throughput.

For the sake of simplicity we will use, the following assumptions:

• the ad-hoc network is deployed on an area of S square meters, to avoid edge effects S is infinite or at least large, the location of the network nodes follows a Poisson point process of intensity λ,

• the neighborhood of a node is a disc of radius the transmission range R; only neighbor nodes can forward packets for a node,

• the bandwidth (air rate) of the shared radio medium is W in bit/s,

• all the packets have the same size, the network node queues are always full; at each time time slot each network node has a packet to send,

• the mean distance for a packet in hops to reach its destination is known. We denote it L,

• the MAC is CSMA, a simple backoff scheme is used to schedule transmission when the channel is busy and point to point packet are acknowledged just after the end of the packet transmission.

Since we consider CSMA we may assume that the nodes simultaneous transmitting are at least R_{cs} apart. In figure 3 we are sampling simultaneous transmission in a square area of the network. Everything takes place as if the network activity was a succession of slots in which stations not within carrier sense reach are sending their packet of constant size. We use this remark to justify the slotted model that we are going to use to evaluate the throughput. Note that the slot size takes into account the mean duration of the backoff time, the data packet, the acknowldegement packet durations and the interframe spacings. As far as the throughput is concerned all these overheads can been summarized by a multiplication factor applied to the air rate W . We know that in CSMA protocols we may have, with a small probability, collisions of packets from network nodes within carrier sense range; these nodes must have nearly simultaneously started their transmissions. We can use a model similar to the CSMA model proposed in [4] to capture this effect. In this model the dominant factor is shown to be the propagation plus detection delay (in packet transmission units) required for all nodes to detect an idle channel. We will summarize the effect of the “within carrier sense range collisions” and of the other overhead (i.e. backoff, acknowledgement, interframe spacings) by a multiplication factor C^s_{max}, this factor can be seen as the maximum normalized throughput if the network were a single hop network.

Figure 3: Slot time in our model

Our first goal is to estimate the maximum number of simultaneous transmissions in our adhoc network with respect to the carrier sense range R_{cs}. It is easy to compute this figure if the transmitters are in regular pattern on a grid or on equilateral triangles. For the grid we find S R^2_{cs} and for the tessellation with equilateral triangles it is S √ 3 4 R^2_{cs} . To study the case of random networks, stochas-

tic geometry can be a convenient tool as suggested by the pioneering work of Baccelli and al [3].

The Matern hard-core process [14] gives a possible answer to this problem with the more realistic assumption of network nodes locations following a stationary Poisson process. To construct it, one gives marks m(x) to each point in the initial Poisson point process. The marks will be a random number uniformly distributed over (0,1). The Matern hard-core is a thinned process derived by selecting the nodes with the smallest mark within a disc of radius R_{cs}. The obtained process will have the property that two points of this process are at least R_{cs} apart. An interesting feature is that it is possible to explicitly compute the intensity of the Matern hard-core process. This intensity λ_{Rcs} is λ_{Rcs} = 1 − e^{−πλR2cs} πR^2_{cs} see [19]. If the mean number of network nodes in a carrier sense range (i.e. πλR^2_{cs}) is not small then λ_{Rcs} varies with 1/R^2_{cs}.

Unfortunately it can not be shown that the Matern hard-core process gives exactly the same selection process as a simplified CSMA where nodes would be picked in discs of radius R_{cs} according to their backoff time. Nonetheless simulations show that this simplified CSMA model also provides an intensity with the form O(1/R^2_{cs}) which is the key property used in this article. In the following we will use the Matern hard-core process to model the CSMA selection.

In the following we will assume that the Matern hardcore process can represent the selection of active nodes in a CSMA protocol. We can thus assume that the maximum number of possible simultaneous transmission is given by S(1 − e^{−πλR2cs} ) πR^2_{cs}. To capture the global throughput of the network we have to take into account the success rate of a transmission. Let us denote by C the average collision rate of a transmission in our ad-hoc network given that at least two colliding nodes are not within carrier reach. The number of transmission free of hidden collisions is thus S(1 − e^{−πλR2cs} )(1 − C) πR^2_{cs}. To complete our evaluation we have to take into account the network overhead and the collisions for nodes within carrier sense reach. We have seen that this effect can be taken into account by considering the network single maximum throughput C^s_{max}W instead of the air rate W . The global throughput of the network is thus: SW C^s_{max}(1 − e^{−πλR2cs} )(1 − C) πR^2_{cs} In order to compute the throughput of the network, we have to make an assumption on the length of an average route. Let us assume that given a traffic and its source/destination distribution, L is the average length in number of hops between a given source and the related destination. The retransmissions of packets from source to destination of course do not contribute to the effective throughput. The global throughput of the network has to be divided by L. Thus, the effective total throughput of the network is: SW C^s_{max}(1 − e^{−πλR2cs} )(1 − C) πLR^2_{cs}. It is easy to extract from the model the variables which can used to optimize the global throughput. The average length L in number of hops between source and destination, is a function of the traffic pattern T . T is given a priori, we will not be able to use it to optimize the throughput. L is also a function of the transmission range R. If the reception range decreases then necessarily the number of hops between a source and a destination will increase. We will denote the average length between a source and a destination by L(T, R) to show this dependence. If R_{cs} is decreased the number of collision will increase because there will be more hidden collisions. If the transmission range is increased it can be well understood that there will be more hidden collision. Thus, C must be denoted by C(R, R_{cs}). The bandwidth W is also a function of the transmission range R; it is well known that when the targeted transmission range is increased the transmission rate should be decreased. W is denoted by W (R). According to the remarks of the above discussion the global network throughput is a function of T, R_{cs}, R and equals

SW C^s_{max}(1 − e^{−πλR2cs} )(1 − C(R, R_{cs})) πL(T, R)R^2_{cs} . 2.3. Discussion

The previous equation shows the importance of the carrier sense range on the maximum throughput of a multihop adhoc network. As a matter of fact if the carrier sense range is large then transmission will forbid other transmissions in a large area. We will not be able to benefit from the same proportion of spatial reuse since an ongoing transmission will block the transmission of every surrounding nodes within carrier sense range. This effect is given in the formula by the 1/R^2_{cs} factor. But at the same time with a large carrier sense range there will be less hidden collision. Thus we will have less repetition of the same packet to achieve a successful transmission. We see this effect in the (1 − C(R, R_{cs})) factor. If R_{cs} increases then the collision rate will decrease and (1 − C(R, R_{cs})) will increase. Conversely if the carrier sense threshold is set to a high level then close simultaneous transmissions will be possible (the reuse is increased). But at the same time, the percentage of hidden collision will be much higher. This effect is the first effect that we are going to study in depth.

At the same time the transmission range R can also be tuned. Of course as for the carrier sense range, the transmission range R has two opposite effects. Increasing the transmission range allows to build shorter routes and thus contributes to increase the maximum achievable throughput. Yet, increasing the transmission range may lead to increase the carrier sense range to keep the same success rate 1 − C(R, R_{cs}); in such a case the reuse factor will be decreased. Conversely, decreasing the reception range will favor spatial reuse as it will at the same time increase the number of hops. Additionally propagation laws link the transmission rate; the larger is your transmission range the shorter is your transmission rate. Thus, there is a tradeoff between the range and the actual transmission rate. In this article, we will first conduct direct evaluations derived from the model we have built in the previous section. Since this model is necessarily simplified and contains approximations we have also conduct simulations to see if they confirm the conclusion of the analytical model. For the simulations, we will use all the assumptions of an IEEE 802.11b network operating in adhoc mode.

3. Optimization of the network throughput with respect to the carrier sense range

We use the framework previously introduced and we study this optimization with two different interference models. In the first and simplest one, we only consider the strongest interferer to decide if the reception is correct or not. The second model is the total interference model in which the contribution of all the potential interferers is taken into account. 3.1. Strongest interference model

In this model we assume that the capture condition is to be verified for the interferer with the maximum power strength. Although simple, this condition is however widely used in simulation works. For instance it is the one that is implemented for the IEEE 802.11 protocol in the ns simulator [22], thus all the simulation works using this tool actually are under this simple model. With such a model it is possible to exactly evaluate C(R, R_{cs}). As a matter of fact, a node producing the collision (interferer) is necessarily inside a circle of radius R_{ex} = RK^{1/α}. Since we assume that this is an hidden collision the interferer is also outside the circle of range R_{cs} see figure 4

Figure 4: Collision area

To evaluate the effect of carrier sense range we have to consider in C^m_{max} the contribution: G(R, R_{cs}) = (1 − e^{−πλR2cs} )(1 − C(R, R_{cs})) πR^2_{cs} . G(R, R_{cs}) gives the mean number of successful transmission per area unit, we call G(R, R_{cs}) the normalized throughput. The probability of a successful transmission can be simply expressed : C(R, R_{cs}) = 1 − e^{−V (R,Rcs)λ}. where V (R, R_{cs}) denotes the area of V (see figure 4 ).

Thus G(R, R_{cs}) = (1 − e^{−πλR2cs} )e^{−V (R,Rcs)λ} πR^2_{cs} . If R and R_{cs} are given, it is then possible to compute explicitly V (R, R_{cs}); this computation uses standard trigonometrical functions. It is then easy to compute the maximum of G(R, R_{cs}). The maximum of G(R, R_{cs}) is found to occur when R_{cs} ≃ R(K^{1/α} + 1).

Figure 5: G(R, R_{cs}), R = 1, α = 4

In figure 5 and 6, we have studied G(R, R_{cs}) respectively for α = 4 and α = 2. We have used a density rate λ which leads to a mean number n_R of 1, 3 and 6 neighbors within a disc of radius R, given a fixed node at the center of the disc.

When we use a small carrier sense range, we have a high probability of collision. As in Aloha, we should use

Figure 6: G(R, R_{cs}), R = 1, α = 2

a transmission probability to avoid collision with hidden node. When a node wants to transmit, it first senses the channel. If the channel is sensed idle, it transmits with probability p. We call this scheme CSMA with priority p. We may wonder whether using a small carrier sense range with CSMA with priority p can be better than CSMA with the optimized carrier sense range. The throughput of CSMA with priority p can be obtained by maximizing over p the success rate : pe^{−pV (R,Rcs)λ}. As a matter of fact a given node will transmit with probability p. This transmission will be a success if no other transmission occurs in V . This event has a probability (1 − p)^{V (R,Rcs)λ}. If one uses the approximation for small x, (1 − x)^n ≃ e^{−nx} we have (1 − p)^{V (R,Rcs)λ} ≃ e^{−pV (R,Rcs)λ}. Thus the success probability which is also the throughput equals pe^{−pV (R,Rcs)λ}. This throughput is optimized for p =^1_{λV (R,Rcs)} and the

obtained throughput is^{e−1}_{V (R,Rcs)λ} .

The results of this optimization lead to another value of G(R, R_{cs}) which is presented for R = 1 α = 4 and α = 2 in figures 7 and 8. We can see that CSMA with priority p improves the performance when the carrier sense range is reduced but the obtained performance is not better than the optimal reached by CSMA using a larger carrier sense range.

Figure 7: G(R, R_{cs}) with CSMA and CSMA with priority p, R = 1, α = 4

Figure 8: G(R, R_{cs}) with CSMA and CSMA with priority p, R = 1, α = 2

3.2. Total interference model

In this section we use the total interference model in which all the interferers are taken into account. The condition to receive a packet is thus P (R) ∑ i P (r_i) ≥ K. where i denotes the interferer and r_i denotes the distance between the receiving node and the interfer i. To the best knowledge of the authors it is possible to explicitly compute the success rate 1 − C(R, R_{cs}) when the interferer are in a Poisson point process but is seems difficult to compute this rate when the interferers are in an hard core process. Thus we have taken a simulation approach. A Poisson point process is generated and the emitters are then selected using a Matern selection process. Then the interference is computed for a receiver exactly at distance R from the emitter. Finally the above mentioned reception condition allows one to compute the success rate.

The result of this model is presented in figure 9 for α = 4. The Poisson point process is generated in a square 100 × 100 with an intensity λ = 1. The simulations conditions have been taken to ensure a precision below 5% for α = 4, K = 10 dB and an infinite planar Poisson point process. Note that the maximum is reached for R_{cs} around 3.

Figure 9: G(R, R_{cs}) for α = 4

The same result is presented in figure 10 for α = 2 with using the same simulation condition. It has to be well noticed that these results do depend on the previous simulation condition since the sum of the interferences will not converge for α = 2 in an infinite planar network. For α > 2 this sum will converge but the simulation will not give a convenient evaluation of this sum. Figure 10 however shows that for α = 2 the results given by the total interference model are very different from those obtained by the strongest interference model.

Figure 10: G(R, R_{cs}) for α = 2

In figure 11 we compare for K = 10 dB the optimized carrier sense range R_{cs} for α ranging from 3 to 6.

Figure 11: Optimal R_{cs}/R for α between 3 and 6, K = 10 dB

In this part we have shown that in the two presented models the throughput is optimized for R_{cs} = γR. The value of γ depends on the interference model but is always very close to the smallest figure for which hidden collisions start to be impossible i.e for which C(R, R_{cs}) = 1. 4. Optimization of the transmission range

We have to optimize with respect to R the network throughput: SW (R)C^s_{max}(1 − e^{−πλR2cs} )(1 − C(R, R_{cs})) πL(T, R)R^2_{cs} . We will restrict the optimization of the transmission range to values of R for which the mean number of network nodes whithin the disc of range R is large (e.g. more than 10). We will say that in this case the network is sufficiently connected.

In a first part we will assume that R_{cs} is fixed. 4.1. Fixed carrier sense range

Figure 12: Route from source to destination and number of hop w.r.t. R

Let us analyze figure 12 where we have the successive transmissions from a source node to a destination node. If the coordinates of the next hop are given in polar (r_i, θ_i) it can be easily understood that the distribution of r_i is nearly linear w.r.t. the transmission range R as the distribution of θ_i will remain nearly insensitive to R as long as the network remains sufficiently connected i.e the mean number of neighbors of node within the transmission range R is not too small. In such conditions L(T, R) ≃ L(T )a(R)/R where L(T ) is the average Euclidean distance for the traffic T between a source and a destination and a(R) a slowly varying function. A precise computation of L(T, R) taking into account λ appears possible but is not given to keep this paper relatively short. This behaviour of L(T, R) leads to the following expression for the throughput where, to simplify, we have adopted a(R) = 1: SW (R)C^s_{max}R(1 − e^{−πλR2cs} )(1 − C(R, R_{cs})) πL(T )R^2_{cs} . We also know that the effective transmission W (R)C^s_{max}(R) rate depends on the transmission range R and is a decreasing with R. As W (R)C^s_{max}(R) depends on the wireless interface we will only discuss the optimization of R(1 − C(R, R_{cs})). Since 1 − C(R, R_{cs}) = 1 for R/R_{cs} below a given threshold and then is rapidly decreasing to reach 0, it can be shown that R(1 − C(R, R_{cs})) is an increasing function on the interval [0, R_{opt}] and decreases on [R_{opt}, ∞[. In figure 13 we have shown^R_π (1 − C(R, R_{cs})) with respect to R assuming that R_{cs} = 1, α = 4 and K = 10 dB and with the strongest interference model. It has to be noticed that this optimization leads to similar results than the previous optimization in term of obtained ratio R/R_{cs} although the two optimizations are different. As a matter of fact the optimization range will play on the mean number of hops to the destination as the carrier sense optimization will actually play on the spatial reuse. However the effect of the hidden collision is so important that in both case the control of hidden collision is the key factor of the optimization. This conclusion remains valid for the general interference model.

Figure 13:^R_π (1 − C(R, R_{cs})) w.r.t. R

The complete optimization has also to take into account W (R)C^s_{max}(R). Usually W (R)C^s_{max}(R) is decreasing faster than 1/R. In such conditions decreasing R may offer a better throughput. But we have to keep in mind that R must be large enough to keep the network sufficiently connected.

4.2. Adaptable carrier sense range

In this part we assume that the carrier sense range can be adjusted. In the previous section we have seen that to optimize the throughput we must have R_{cs} = γR. Thus we can do this optimization before optimizing R. In such a case, we obtain the following: SW (R)C^s_{max}(R)(1 − e^{−πλγ2R2} ) πγ^2L(T )R . The optimization of this expression is straightforward since both 1/R and W (R)C^s_{max}(R) are a decreasing function of R. Thus, the maximum throughput is obtained when R is minimum. So R can be decreased as long as the network remains sufficiently connected. Let us call R_{min} the minimum transmission range which ensures this property. The maximum throughput of the network can be written:

SW (R_{min})C^s_{max}(R_{min})(1 − e^{−πλγ2R2min} ) πγ^2L(T )R_{min} . We can compute this figure for the various conditions.

We consider: α = 2 open, semi open α = 4 and close α = 6 environment. In IEEE 802.11b products the sensitivity of the wireless interface w.r.t. the transmission rate are usually given with the product characteristics: sensitivity and transmission range. Usual figures for transmission ranges are at 11 Mbit/s: 150 m for an open environment (α = 2) and 50 m for a semi open environment (α = 4). In figure 14 we show the effective transmission rate W (R)C^s_{max}(R) versus the transmission range. To compute this figure, we have taken into account all the overhead thus, the contribution of C^s_{max}(R) is taken into account. This computation can be found in [15].

Figure 14: Effective transmission rate of an IEEE 802.11b interface in Mbit/s w.r.t. transmission range

We can thus compute the theoretical maximum network throughput w.r.t. the minimum transmission range R_{min}. We give this computation in figure 15 for α = 4 and in figure 16 for α = 2.

Figure 15: Maximum network capacity in Mbit/s w.r.t transmission range in a semi-open environment α = 4, S = 1 and L(T ) = 1

Figure 16: Maximum network capacity in Mbit/s/m^2 w.r.t transmission range in an open environment α = 2, S = 1 and L(T ) = 1

It is very interesting to mention that the result that we have found can be understood in the framework of [11]. To compute the lower bound of the network throughput comprising n randomly located nodes the authors of [11] exhibit a slotted protocol using at most 1 + c slots. This protocol derives from a network tessellation in which a node in a cell has at most c neighbors at distance less than 2(1 + Δ)r(n). Thus, the slotted protocol ensures that when a node is transmitting there is no concurrent transmission at distance less than 2(1 + Δ)r(n) and therefore there is no conflict between concurrent transmissions. Actually, this construction will give close results to those that a CSMA scheme optimized as shown in this article will give. As in the construction in [11] where the constructed protocol ensures that there is no collision, we have shown in the present work that the carrier sense range must be set to forbid collision if one wants to optimize the throughput. To reach the targeted lower bound, the construction in [11] has to compute the minimum range r(n) which ensures the network connectivity; the authors actually show that the transmission range must be r(n) = O( √ S log(n)/n). In the present article, we have also shown that the maximum throughput is achieved when the transmission range is set at the minimum value which ensures the network connectivity.

5. Simulations results

We present simulation results of adhoc network equiped with IEEE 802.11b wireless interfaces and running the OLSR routing protocol [2]. We have developed a simple model for the IEEE 802.11b distributed access protocol with the OPNET tool. This model described in [16]; it uses for the interferences the total interference model.

The first scenario that we are considering has the following characteristics

• the network encompasses 36 nodes randomly positionned on a square 260m × 260m.

• transmission range is set at R = 50 m,

• the air rate is 11 Mbit/s leading to W (R)C^s_{max} ≃ 6 Mbit/s (IEEE 802.11b.), the RTS/CTS option is not used.

We are considering two types of traffic. In the first type of traffic, that we call “gateway” traffic, all the network nodes except one (node 36) send packets to a gateway node (node 36). These packets of 1 kbits correspond to request packets. The gateway responds to these request with large packets of 8 kbits. This traffic is a model for wireless nodes accessing distant servers. In the second type of traffic, that we call “random” traffic, wireless nodes are exchanging packets of 8 kbits. For a given sender, the destination is randomly selected in the network.

Running simulation scenarios, we first discover that, if the input load is too high, then a lot of packets are lost no only due to buffer overflow but also suprisingly due to lack of route to the destination. This behaviour can be explained by the collisions encountered by the control packets of the routing protocol. These packets are sent in broadcast mode and can not be acknowledged as point to point packets are. These packets are suffering from a high percentage of packet loss. Thus we had to tune the total network load to be in the neighborhood of the maximum achievable throughput of the network. We found out a figure for the total input load around 2 Mbit/s. On figure 17, we have given the network throughput for different value of the ratio^{Rcs}_R . For the gateway traffic, the maximum efficiency is obtained for^{Rcs}_R ≃ 2.5. These figures are slightly less than what is foreseen by the analytical model. The discrepancy can be explained by two reasons. The first and main reason is that since we are in the neighborhood of the network maximum capacity all the network nodes do not have a packet to send; moreover the IEEE 802.11 backoff strategy after a collision also decreases the number of simultaneous potential transmitters. This reason also explains why the slopes of the simulation function are less stiff than the slopes of the models (strongest interference or total interference model). The second reason for experiencing an optimized ratio^{Rcs}_R smaller than foreseen by the model is that the model considers reception at the maximum transmission range: R whereas in simulations, receivers can be closer. Thus reception conditions are less strict that those used in the model. We can also point that when^{Rcs}_R ≃ 2.5 the mean number of transmission attempts of IEEE 802.11 for the data packet is nearly 1. We can infer that with this carrier sense range there is nearly no hidden collision.

If we use the previous analytical model for the throughput, given that L ≃ 2.6 for the gateway traffic we find

• 1.9 Mbit/s in the total interference model,

• 2.5 Mbit/s in the strongest interference model.

These figures are a fair approximation of the obtained result and we note that the optimization of R_{cs} allows one to gain up to 40% of channel throughput.

Figure 17: Throughput w.r.t^{Rcs}_R , random network, α = 4 The aim of the second scenario is investigate the influence of topology. We are considering is a grid topology with 6 × 6 = 36 nodes. The grid spacing is 40 m. We are using the same types of traffic as for the previous scenario with the same packet payload. On figure 18 we have given the network throughput for different values of the ratio^{Rcs}_R . We clearly see that for all the scenarios, we have results significantly better with^{Rcs}_R between 1.5 and 2. This figure can be explained by the “regular” characteristic of the topology we are considering. The decrease of the obtained throughput can be explained by the increase of mean route length in term of number of hops.

Figure 18: Throughput w.r.t^{Rcs}_R , grid network, α = 4

The third scenario that we are considering has the following charateristics

• the network encompasses 64 nodes randomly positionned according on square 1000 m × 1000 m.

• the transmission range is set at R = 150 m,

• the air rate is 11 Mbit/s leading to W (R)C^s_{max} ≃ 6 Mbit/s (IEEE 802.11b.)

We are considering a gateway traffic, node 63 is the gateway. The results of this simulation are given in figure 19. We see that the maximum throughput is obtained when^{Rcs}_R ≃ 3.5. As the network size is not large enough to allow numerous simultaneous transmissions the strongest interferer model will be accurate. This model foresees a maximum throughput with^{Rcs}_R ≃ 4.2. The discrepancy between the model and the simulation can be explained by the same already given reasons. The requirement of the simulation in duration and memory space has not allowed us to carry scenarios with a very large network. In this situation the effect of multiple interferers would have been sensible. Given L ≃ 3.5 for the gateway traffic the analytical model predicts a global throughput of 1.4 Mbit/s, this prediction is not very far from the obtained simulation result. However edges effects are not taken into account by the model, a larger network size is mandatory to expect close results between simulations and models. Between^{Rcs}_R ≃ 1 and R_{cs} R ≃ 3.5 the gain for the network throughput is around 90%.

6. Conclusion

In this article, we have studied the maximum throughput of a multihop network using a CSMA protocol. More specifically, we have deeply investigated the optimization of the throughput with respect to the carrier sense range and the transmission range. We have developed a simple analytical model to study these two issues and we have built two models for the interference: the strongest interference model in which only the strongest simultaneous transmission is taken into account to validate a

Figure 19: Throughput w.r.t^{Rcs}_R , random network, α = 2

reception and the total interference model in which the contribution of all the simultaneous transmissions is considered to validate a reception. We have conducted simulations to verify the results of these models. A first result obtained is that the carrier sense range must be set to avoid hidden collisions. This result predicted by the models is also confirmed by simulation results. The second result obtained concerns the transmission range. For a random network, the maximum throughput is achieved when this range is set at its minimum value. This effect is still increased due to the fact that the data rate tends to decrease when the transmission range increases.

REFERENCES

[1] IEEE 802.11 standard. Wireless LAN Medium Access Control (MAC) and Physical Layer (PHY) specifications, 1997.

[2] Cédric Adjih, Thomas Clausen, Philippe Jacquet, Anis Laouiti, Pascale Minet, Paul Mühlethaler, Amir Qayyum, and Laurent Viennot. Optimized link-state routing protocol. RFC 3626, October 2003. http://www.ietf.org/rfc/rfc3626.txt.

[3] F. Baccelli, M. Klein, M. Lebourges, and S. Zuyev.

Stochastic geometry and architecture of communication networks. Telecommunications systems, 7:209–227, 1997.

[4] D. Bertsekas and R. Gallager. Data Networks.

Prentice Hall, 1988.

[5] V. Bhargavan, A. Demers, S. Shenker, and L. Zhang. MACAW: A media access protocol for wireless LANs. In Proc. of ACM SIGCOMMM 94, pages 212–225, 1994.

[6] Scott Corson and Vincent Park. Temporallyordered routing algorithm (tora) version 1 functional specification. draft-ietf-manet-tora-spec- 03.txt, November 2000.

[7] J. Deng and Z. Haas. Dual busy tone multiple access (DBTMA): A new medium access control for packet radio networks. In IEEE

ICUPC’98, Florence, Italy, October 1998. citeseer.nj.nec.com/deng98dual.html.

[8] ETSI HIPERLAN functional specifications, ETS 300-654, June 1996.

[9] J. J. Garcia-Luna-Aceves and Chane L. Fullmer.

Floor acquisition multiple access (fama) in singlechannel wireless networks. Mobile Networks and Applications, 4(3):157–174, 1999.

[10] Mario Gerla, Guangyu Pei, Xiaoyan Hong, and Tsu-Wei Chen. Fisheye state routing protocol (fsr) for ad hoc network. draft-ietf-manet-olsr-08.txt, November 11 2000.

[11] P. Gupta and P. R. Kumar. The capacity of wireless networks. IEEE Transactions on Information Theory, 46(2):388–404, 2000.

[12] J. G. Jetcheva, D. Johnson, D. Maltz, and Y.C.

Hu. Dynamic source routing (DSR). Internet Draft, draft-ietf-manet-dsr-08.txt, February 24 2003.

[13] P. Karn. MACA – a new channel access method for packet radio. In Amateur Radio Ninth Computer Networking Conference, pages 134–140, 1990.

[14] B. Matern. Meddelanden fran statens. Skogsforskningsinstitut 49,5, 2:1–144, 1960.

[15] P. Mühlethaler. 802.11 et les réseaux sans fil. Eyrolles, Paris, 2002.

[16] P. Mühlethaler and A. Najid. An efficient simulation model for wireless lans applied to the ieee 802.11 standard. INRIA Research Report, RR-4182, April 2001. http://www.inria.fr/rrrt/rr- 4182.html.

[17] C. E. Perkins, E. M. Royer, and S. R.

Das. Ad hoc on-demand distance vector (AODV) routing. RFC 3561, July 2003. http://www.ietf.org/rfc/rfc3561.txt.

[18] Saikat Ray, Jeffrey Carruthers, and David Starobinski. RTS/CTS-induced congestion in ad-hoc wireless LANs. In IEEE WCNC 2003, pages 1516– 1521, 2003.

[19] D. Stoyan, W. Kendall, and J. Mecke. Stochastic Geometry and its Applications. Wiley, Chichester, 1995.

[20] Talucci and M. Gerla. MACA-BI (MACA by invitation). a wireless MAC. In Proc. of IEEE ICUPC 97, 1997.

[21] F.A. Tobagi and L. Kleinrock. Packet switching in radio channels part II - the hidden terminal. In IEEE transactions on Communications, pages 23(12):1417–1433, 1975.

[22] Carnegie Mellon University. The network simulator - ns-2. http://www.isi.edu/nsnam/ns/.