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Abstract: Due to the fact that a higher datarate leads to a shorter transmission range, a
multirate wireless network is less connected at the higher datarate. On the other hand, a higher
datarate provides better per-hop link capacity in multihop wireless networks. In this paper, we
propose a connectivity-aware rate adaptation algorithm for multirate 802.11 ad hoc networking.
Given sufficient number of nodes and a set of possible datarates in 802.11b/g based ad hoc
networks, the algorithm selects the highest datarate which guarantees a network connectivity
of 99%. Through analysis and simulations, we demonstrate that the selected datarate by the
proposed algorithm outperforms other datarates in terms of connectivity, throughput, end-to-
end delay and packet loss ratio.
Key words: Connectivity, multirate, 802.11, rate adaptation, ad hoc networks

1. INTRODUCTION

The IEEE 802.11 standard has been regarded as the de facto Medium Access Control (MAC)
and physical (PHY) layer protocols for ad hoc networking. With the Extended Rate PHY
(ERP) amendment [1], the 802.11g standard can provide high datarates up to 54 Mbps. Even
higher datarate is currently under standardization and is expected to appear in the market soon.
With multirate capability in 802.11 Wireless Local Area Networks (WLANs), the Access Point
(AP) and the wireless stations may be able to adjust their transmission datarate appropriately,
by certain means, for achieving a higher throughput and a shorter delay. However, the 802.11
standard does not specify any algorithms for performing rate switching, neither does there exist
any rate adaptation algorithms for 802.11 based multirate multihop ad hoc networks.

Generally speaking, it is not a simple matter for rate adaptation in multihop ad hoc networks,
since multirates lead to different transmission ranges at each datarate, and different transmis-
sion ranges may affect network connectivity dramatically. At higher datarates, with shorter
transmission ranges, the network becomes less connected. In brief, there are two aspects that
are related to this study: 1) Rate adaptation in 802.11 WLANs, and 2) Network connectivity
at multirate. Although not specified by the 802.11 standard, the first aspect appears to be
better studied. There does exist several solutions for rate adaptation in WLANs, either sender-
based [4], or receiver-based [5]. Whatever algorithm being used, the goal of rate adaptation
in WLANs is quite straightforward: Identify the highest possible datarate. These criteria do
not, however, apply to the second aspect of this study, since network connectivity is closely
dependent on the transmission range at each datarate. In other words, a selected datarate by
using any WLAN rate adaptation algorithm may lose connectivity to parts of the network, or
even the entire network. On the other hand, there are many publications regarding network
connectivity of wireless networks, e.g., [2], [3]. However, those studies are focusing purely on
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single-rate network connectivity. To the best of our knowledge, rate adaptation in multirate ad
hoc networks still remains an unchartered topic in the ad hoc research community.

In this paper, we study the connectivity of wireless networks at different link rates. First of
all, we deduce a general expression for k-connectivity of a wireless network with uniform node
distribution, and discuss parameters related to the expression. Using the simple yet effective
expression, a k-connectivity indicator, we then propose a connectivity-aware rate selection
algorithm in multirate ad hoc networks. Later on through simulations, we demonstrate that
the datarate selected by our algorithm outperforms other datarates in 802.11b/g based multihop
ad hoc networks, with respect to a few performance parameters.

The rest of this paper is organized as follows. Based on a theoretical result on network
k-connectivity, a connectivity-aware rate selection algorithm in multirate wireless networks is
proposed in Section 2. Simulations and numerical results for an 802.11b/g based multihop ad
hoc network are presented in Section 3. Finally, the paper is concluded in Section 4.

2. CONNECTIVITY AND CONNECTIVITY-AWARE RATE ADAPTATION

In this section, we first derive a general expression for k-connectivity for a network with uni-
form node distribution, and then based on the expression, a connectivity-aware rate adaptation
algorithm is proposed. How different datarates affect connectivity and neighbor information is
also studied in this section.

2.1. k-Connectivity with Uniform Node Distribution
Assume a homogeneous Poisson process where a number of nodes are uniformly distributed

in a network. The number of nodes in a region is purely decided by the area of the region.
What is the probability that the network is k-connected?

Let us consider the one dimensional case first. A number of n nodes where n � 1 are
randomly positioned along the line [0, xmax] according to uniform distribution. The probability
that k out of n nodes are placed in the interval [x1, x2], where 0 ≤ x1 ≤ x2 ≤ xmax, can be
expressed by the binomial distribution as

P (µ = k) =

(
n

k

)
pk(1 − p)n−k (1)

where µ is a random variable denoting the number of nodes within the given interval, and p
is the probability that there is one node within the interval of [x1, x2]. Obviously p = x2−x1

xmax
in

this case.
With two dimensions, the problem becomes what is the probability that there are k out

of n nodes distributed within a certain region of A0, given the total system area as A. The
probability that there is one node within the region of A0 is simply p = A0

A
. Analogous to the

one dimensional case, the probability P (µ = k) can be obtained by substituting p = A0

A
into Eq.

(1) [2]. Regarding network connectivity, a k-connected network requires that each node has at
least k neighbors, i.e., there are k + 1 or more nodes in the region of A0. Therefore, assuming
that the border effect is eliminated, the probability for k-connectivity, or, the network has a
minimum node degree µmin ≥ k, can be calculated by

P (µmin ≥ k) = 1 −
k∑

j=0

P (µ = j) = 1 −
k∑

j=0

(
n

j

)
(
A0

A
)j(1 − A0

A
)n−j. (2)

Eq. (2) gives a general expression for the probability of k-connectivity in an ideal network
with uniform node distribution. This expression differs from other studies on asymptotic net-
work connectivity [2] [3] in a way that we do not assume that A >> A0.
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Now let us consider a wireless network in a rectangular area with A = xmax × ymax and each
node has an omnidirectional antenna with transmission range r. We have hence A0 = πr2 and
p = A0

A
= πr2

xmaxymax
. Substituting p into (2), we get

P (µmin ≥ k) = 1 −
k∑

j=0

(
n

j

)
(

πr2

xmaxymax

)j(1 − πr2

xmaxymax

)n−j (3)

which gives an expression for k-connectivity for a rectangular wireless network with omnidirec-
tional antenna.

As an example with A = 800×800 m2, Fig. 1 illustrates the probability of k-connectivity for
k = 3, 6, or 9, as a function of transmission range r. It reveals two aspects of k-connectivity:
1) Larger transmission range is needed for achieving higher k-connectivity probability, and 2)
Larger k requires larger transmission range.
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Figure 1. Theoretical result: Connectivity
as a function of the transmission range. k =
3, 6, 9 respectively, and n = 100.

54 Mbps 36 Mbps 18 Mbps 11 Mbps 6 Mbps 1 Mbps
0

10

20

30

40

50

60

70

80

90

Selected Datarate in 802.11b/g

A
ve

ra
ge

 n
um

be
r 

of
 n

ei
gh

bo
rs

 p
er

 n
od

e

Figure 2. Average number of neighbors at
each datarate. A = 800 × 800 m2, and n =
100.

2.1.1. Discussions on Network Connectivity and Optimal Node Degree

Connectivity: Network connectivity has been widely studied in the literature. However, most
work (see e.g., [2] [3] [15]) on connectivity is targeted at asymptotic analysis which assumes
that the transmission range covers a much smaller region than the area of the network and
n → ∞.

Consequently, those asymptotic analyses often give quite strict requirements on critical trans-
mission ranges for k-connectivity. As an example, P (G is k − connected) in Eq. (4) gives the
probability of k-connectivity for network G [2], by considering the event G is k − connected as
a product of n independent events, where ρ is the node density in the area. It indicates that
the entire network G is connected if and only if that all n nodes (n >> 1) have at least k
neighbors.

P (G is k − connected) = (1 −
k∑

j=0

(ρπr2
0)

j

j!
e−ρπr2

0)n. (4)

We argue, however, that this condition is sufficient, but not necessary. It shows that the the
transition from being almost fully connected to totally disconnected happens rapidly within
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a very short range of transmission distance variations. According to (4), a fully connected
network becomes totally disconnected when the transmission range is reduced by 15 ∼ 20%
[2]. This sharp phase transition phenomenon is reasonable from the perspective of the random
graph theory [11]. However, it may not be reasonable for practical multirate wireless networks.
For example, as listed in Tab. 1, the transmission range may vary several times in 802.11 based
networks as datarate varies. Therefore throughout this study, we employ a more reasonable
expression we deduced in (2) as our k-connectivity indicator.

Optimal Number of Neighbors: Eq. (2) gives a general expression for k-connectivity.
Moreover, an important aspect associated with this formula is: What is the required minimum
value of k for a fully connected wireless network. This problem has indeed been studied since
1970s. Early results showed 6 or 8 as a ’magic number’ for maximal throughput in a stationary
and connected wireless network [6] [7]. Smaller [8] or larger number [9] has also been proposed
later as the critical number under different circumstances, e.g., for stationary or mobile nodes.
A recent theoretical study [10] showed that as the number of participating nodes increases,
the number of one-hop neighbors would not remain constant. Instead, they proved that, given
n uniformly distributed nodes, if each node is connected to more than 5.1774logn nearest
neighbors then the network is asymptotically connected with probability approaching one as n
increases.

However, the discussion on the critical number of neighbors is not the major focus of this
paper. Instead, we still treat this number as a constant in our connectivity indicator. By testing
different values for k in (2), we conclude empirically that k = 6 is an appropriate number for the
connectivity indicator of stationary nodes. Therefore, only this value is used in our simulation
study later, which assumes that all nodes are stationary.

2.2. Connectivity and Neighbor Information in 802.11b/g Multirate Networks
As we can see from (2), different transmission ranges may have significant impact on con-

nectivity property of a multirate network. In addition to the theoretical connectivity indicator
given by (2), we continue our study on network connectivity by means of simulation in this
subsection. Here we are interested in a few connectivity related parameters such as the aver-
age number of neighbors at each node, the number of isolated nodes in the network, and the
percentage of nodes which have at least 6 neighbors, at each datarate.

In this subsection, we are solely focusing on statistical property of connectivity and neighbor
information in a fully distributed wireless network. The objective here is to investigate how
different transmission ranges impact topology information in a generic wireless network, not
necessarily multihop ad hoc networks. Therefore, no routing protocols or MAC mechanisms are
involved for this set of simulations. How source nodes can reach destination nodes in an ad hoc
network is decided by the routing protocol and will be further studied in the next section. To
conduct the test, 6 different datarates are selected according to the 802.11b/g standard. They
are listed in Tab. 1, together with the estimated transmission ranges from [14], as the references
for our simulation. Throughout the context, datarate means the raw link speed defined by the
802.11 standard.

To get a statistically reasonable result, 100 different topologies are generated, each with 100
uniformly distributed nodes in a square area of 800 × 800 m2. By applying different transmis-
sion ranges listed in Tab. 1, we obtain and illustrate the simulation results on connectivity
information in Figs. 2-4.

Fig. 2 depicts the average number of neighbors for each node as datarate varies. As can be
seen, lower datarates lead to larger numbers of neighbors. As discussed earlier, to achieve high
connectivity, the number of neighbors should be larger than certain values, e.g., 6. However,
this does not imply the more the better, regarding the number of neighbors. At the lowest
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Table 1
Transmission ranges in open environment in 802.11b/g [14].

Datarate 54 Mbps 36 Mbps 18 Mbps 11 Mbps 6 Mbps 1 Mbps
Rtx 76 m 130 m 183 m 304 m 396 m 610 m

datarates, there are dozens of neighbors for each node on average. The network is for sure
fully connected. However, too many neighbors imply that many nodes would reply to a route
request, resulting in an extra protocol overhead in the network. Later on in Sec. 3, we will
experience the negative effect on system performance due to this extra traffic load.

Another observation of interest in this subsection is the number of isolated nodes in the
network. Fig. 3 illustrates how this value varies at different datarates. The figure shows that,
to have a fully connected network, datarate 18 Mbps or lower must be used according to our
network configuration. At 54 Mbps, almost 9% (900 out of 100× 100) are completely isolated,
and this value becomes very few at 36 Mbps and zero at 18 Mbps or lower datarates. As a
result, these completely isolated nodes, together with nodes that have few neighbors but those
nodes as a whole still can not be reached by the rest of the network, may deteriorate the total
performance significantly once they are selected as the source or destination nodes.

Finally, Fig. 4 shows the percentage of nodes among all generated nodes that have at least
6 neighbors. Compared with 54 Mbps which has very few nodes with more than 6 neighbors,
36 Mbps increases this value to 69%. However, as will be demonstrated later in the paper,
this percentage is still not high enough for guaranteeing full connectivity of arbitrarily chosen
source-destination pairs.
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Figure 3. Average number of nodes that are
isolated at different datarate. Total number
of nodes = 100 × 100.
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Figure 4. Percentage of nodes which have at
least 6 neighbors, at each datarate.

2.3. The Rate Selection Algorithm
Assume that the number of nodes and the area of the network are known. The following

procedures give a step-by-step summary of our rate selection algorithm, where n is the total
number of nodes, A is the area of the network, ωi(i = 1, 2, 3, ...,m) is the candidate datarates to
be selected with ω1 corresponding to the highest datarate and ωm corresponding to the lowest
datarate.
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Step 1 Input n and A. Let i = 1.

Step 2 Calculate P (µmin ≥ 6) for ωi according to (2).

Step 3 If P (µmin ≥ 6) > 99% for ωi, go to Step 4; Otherwise i = i + 1, go to Step 2.

Step 4 ωi is the selected datarate.

In other words, ωselected
i = ωhighest

i subject to P (µωi
min ≥ 6) > 99%. The benefit of employing

the highest datarate with guaranteed connectivity is twofold. On the one hand, the selected
high datarate provides the highest possible per-hop capacity, while ensuring a fully connected
network. On the other hand, this selected high datarate can avoid extra protocol overhead
due to responses to routing request broadcast, compared with other lower datarates which also
provide full connectivity.

Example: Assume A = 800 × 800 m2 and n = 100. Using the transmission ranges listed in
Tab. 1, the selected optimal datarate according to the above algorithm is 18 Mbps. It gives
P (µ18M

min ≥ 6) = 99.8%. As a reference, Tab. 2 lists the calculated probability of 6-connectivity
for this study using Eq. (3), which is a straightforward expression for a rectangular area with
omnidirectional antenna, based on (2).

Table 2
Probability of 6-connectivity at multiple datarates. A = 800 × 800 m2 and n = 100.

Datarate 54 Mbps 36 Mbps 18 Mbps 11 Mbps 6 Mbps 1 Mbps
P (µmin ≥ 6) 2.4% 73.3% 99.8% 100% 100% 100%

3. SIMULATIONS IN 802.11b/g BASED MULTIHOP AD HOC NETWORKS

In this section, we continue our investigation on how multiple datarates impact topology
information and system performance by simulating a realistic 802.11b/g based multihop ad hoc
network. Correspondingly, the MAC mechanism used is Carrier Sense Multiple Access with
Collision Avoidance (CSMA/CA) which allows only one simultaneous transmission at any time
for all nodes within the one-hop neighborhood. The Optimized Link State Routing (OLSR)
[12] is chosen as the routing protocol is this study. The reason that we choose OLSR is due
to its proactive feature where more network topology and neighbor connection information is
available beforehand even without carrying any data traffic.

In what follows, we carry out two sets of simulations. For the first set, no data traffic is gen-
erated. We are solely interested in how routes are established by OLSR, at different datarates.
For the second set, both Constant Bit Rate/User Datagram Protocol (CBR/UDP) traffic and
File Transfer Protocol/Transmission Control Protocol (FTP/TCP) traffic are generated, where
throughput, end-to-end delay and packet loss are the performance observations in this set of
simulations. While investigating performance at different datarates, we shall experience and
demonstrate that the selected datarate by our algorithm outperforms other datarates.

The widely used ns2 simulator has been used in our experiment. To carry out the simula-
tions, we have modified the nlrolsr ns2 codes [13] slightly to observe the neighbor and route
information available at each node. With our modification, slightly more Multipoint Relays
(MPRs) are selected compared to the minimum set described in the standard OLSR. As the
network topology we generated at each iteration is stationary, Hello and Topology Control
(TC) messages are disseminated at longer intervals than specified in [12], in order to reduce
the overhead of the proactive protocol. For each scenario simulated in this section, there are
always 100 uniformly distributed nodes within a square area of 800×800 m2. The simulation
time is 100 seconds for all simulations.
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3.1. Topology and Routing Information using OLSR
In this subsection, we present topology and route related information obtained by the OLSR

routing protocol. The difference between the results presented here and in Section 2 is that the
numerical results here show how a routing protocol gets topology information, while no routing
protocol was involved in the above section.

Here the most important two performance observations are: 1) How many destinations can
be reached by the routing protocol, among all nodes distributed in the area, at each datarate;
and, 2) How long would the routing path be, on average and at maximal, in number of hops, at
each datarate. Additionally, the number of neighbors at each datarate is also of interest, since
this is obtained by the routing protocol. To obtain these parameters, we arbitrarily choose one
node in the network, and check the number of routes that are actually established by OLSR,
from this node. The simulation results are summarized in Tab. 3, where Routeest means the
average number of routes established, Hopave and Hopmax indicate the average and maximum
path length for the established routes. As a reference, the average number of neighbors at each
datarate, Neighborave, is also listed in the table. Note that the maximum path length listed
here is not an integer, since it is the average maximum path length among all topologies. It
implies that some paths could be even longer than these values.

Table 3
Topology and routing information obtained by OLSR at each datarate.

Datarate 54 Mbps 36 Mbps 18 Mbps 11 Mbps 6 Mbps 1 Mbps
Routeest 14 95 99 99 99 99
Hopave 2.7 5.3 3.2 2.0 1.5 1.2
Hopmax 5.3 9.5 5.9 4.8 2.6 2

Neighborave 3.4 6.2 13.2 33.4 47.0 82.3

Let us look at the number of established routes first. As there are totally 100 nodes in the
network, the Routeest value would be 99 if all other nodes are reachable. Reachable here means
that a route is established by OSLR no matter how long the path is. As we can see, this fully
reachability is achieved for datarate 18 Mbps or lower. At 36 Mbps, routes to around 5% nodes
cannot be established, thus selecting 36 Mbps as the ’working’ datarate would be ’risky’ from
the perspective of full connectivity. Not surprisingly, datarate 54 Mbps provides very poor
connectivity and this counteracts greatly with its advantage of high per-link capacity. It is
again worth mentioning the reason that Hopave and Hopmax here are shorter-than-expected is
that only a few routes (which are usually short) can be successfully established at 54 Mbps.

As listed in Tab. 3, the simulation results using OLSR indicate that 18 Mbps gives fully
network connectivity, and at the same time, provides comparatively short paths to destinations.

3.2. End-to-end Delay and Packet Loss for UDP Traffic
In this subsection, we investigate the performance of a uniform node distribution ad hoc

network at different datarates, in terms of end-to-end delay and packet loss ratio for CBR/UDP
traffic. The achieved throughput is also studied.

We have experienced from our earlier performance study in multihop ad hoc networks that
the end-to-end delays are largely composed of queueing delays at the intermediate nodes when
traffic load is heavy. The packet loss ratio is also generally high at heavy traffic load, mainly
due to buffer overflow. Therefore, only light traffic load is generated for CBR/UDP traffic in
our simulation so that most packets experience mainly MAC delay and transmission delay over
multihops. More precisely, the CBR traffic generated at each source node is 40 Kbps, where
the packet length is 500 bytes. Among the 100 nodes uniformly distributed within the area,
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20 nodes are arbitrarily chosen as 10 source-destination pairs. The simulation results shown in
Tab. 4 are the average values of 10 flows over 10 different topologies, where DETE

ave means the
average end-to-end delay in milliseconds.

Table 4
End-to-end delay and packet loss ratio at each datarate for CBR/UDP traffic.

Datarate 54 Mbps 36 Mbps 18 Mbps 11 Mbps 6 Mbps 1 Mbps
DETE

ave 1.2 ms 5.6 ms 6.6 ms 37.9 ms 72.1 ms 299.0 ms
Loss ratio 95% 5% 0 0.7% 2.3% 29.8%

Throughput 2 Kbps 38 Kbps 40 Kbps 39.7 Kbps 39.1 Kbps 28.1 Kbps

Before discussing the numerical results listed in the table, we would like to explain how these
values are obtained. The average end-to-end delay DETE

ave counts only the successfully received
packets, and packets lost during simulation are not included in this calculation. Both queueing
delay and MAC contention delay are included. The packet loss ratio counts only the CBR
traffic, and there are mainly two reasons for packet loss, i.e., no route to destination or buffer
overflow.

Look at the results at 54 Mbps first. As experienced early in the paper, 54 Mbps provides very
poor connectivity for the simulated network. Due to lack of connectivity, 95% of the generated
packets are lost and no-route-to-destination is the only reason for this packet drop. Only in
few cases where the destination nodes are geographically quite close to the source nodes, the
CBR packets can be successfully delivered, and the average delay for those packets is very low
due to the intrinsic short per-link delay at 54 Mbps. At 36 Mbps, a small number of packets
(5%) are lost, since at 36 Mbps there still exists certain amount of isolated nodes (see Fig. 3)
and this datarate does not provide high enough connectivity (see Fig. 4).

Consequently, packet loss ratio reflects correspondingly the achieved throughput at each
datarate. Since the CBR/UDP traffic generated is much lower than the maximum throughput
at any datarate, the achieved throughput is (almost) the same as the source rate once a flow is
established. However, lack of connectivity at 54 Mbps (also slightly at 36 Mbps) leads to a low
average throughput since it is averaged by all flows, including non-established flows. At 1 Mbps
(also slightly at 6 Mbps), certain amount of CBR/UDP packets are dropped due to network
congestion caused by extra protocol overhead. Therefore, the achieved average throughput is
less than the required 40 Kbps.

As expected, the best performance in this study is achieved at 18 Mbps, which is the selected
’working’ datarate by our algorithm. With full connectivity and no isolated nodes, 18 Mbps
gives a satisfactory zero packet loss, and at the same time, provides a short end-to-end delay
and a comparatively short path length. Furthermore, the average delay at 18 Mbps is only
slightly higher than that of 36 Mbps, even though the one-hop delay at 18 Mbps is longer than
that of 36 Mbps. This is because its shorter path length with full connectivity compensates for
its lower per-link capacity compared with 36 Mbps or 54 Mbps.

We have explained why there is a heavy packet loss at 54 Mbps. And it is not surprising
that there is a small amount of packet loss at 36 Mbps, since full connectivity is not provided
either at this datarate. However, when looking at the packet loss values at 11, 6, and 1 Mbps,
one may wonder why there is higher packet loss at lower datarates. This is related to a ’side
effect’ of larger transmission range at lower datarate. At lower datarates, more nodes can hear
the hello messages from a disseminating node, and hence more routing exchange messages are
generated. This would likely result in more packets in the queues in some nodes, and packet
drop may happen once the queues overflow. As we can see from the table, very light packet
loss has happened at 11 Mbps, and it becomes more serious at 6 Mbps and unacceptable at 1
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Mbps. ( Note that the theoretical analysis on connectivity does not give us any indication on
packet loss. In practice, packet loss ratio is also relevant to the routing protocol being used,
buffer size, network topology, traffic load and so on.) Correspondingly at lower datarate, many
CBR packets have to wait longer in the queues at intermediate nodes because there are other
packets in front. As experienced in our simulation, the queue delays contribute significantly to
the average delays listed in Tab. 4, at datarates 6 Mbps and 1 Mbps.

3.3. Throughput, End-to-end Delay and Packet Loss for TCP Traffic
Finally, we conduct a set of simulations for FTP/TCP traffic based on the same network

configuration as for CBR traffic. The simulation results regarding average throughput, end-to-
end delay and packet loss are listed in Tab. 5.

Table 5
Throughput, end-to-end delay, and flow loss ratio at each datarate for TCP traffic.

Datarate 54 Mbps 36 Mbps 18 Mbps 11 Mbps 6 Mbps 1 Mbps
Throughput 1124 Kbps 1016 Kbps 1953 Kbps 1742 Kbps 1570 Kbps 399 Kbps

DETE
ave 16.8 ms 30.3 ms 9.2 ms 11.3 ms 21.9 ms 66.2 ms

Loss ratio 20.3% < 0.1% 0 0 0 0

Let us look at packet loss first. Because of TCP’s rate adaptation and retransmission mech-
anisms, the packet loss ratio is almost zero once there exists a path between source and desti-
nation. However, at the highest two datarates, especially at 54 Mbps, some nodes are isolated
and not reachable due to lack of neighbors. Once those nodes are selected as the source or
destination nodes, all packets (a few packets) at the starting phase of the corresponding TCP
flows are lost. The TCP connections are not established in these cases.

Note here the loss ratio of around 20% at 54 Mbps listed in the table is the average percentage
of the unsuccessful flows, not packets. The value would be much smaller if this ratio is counted
in packets, since an established TCP flow in our simulation would typically generate thousands
of packets while an unsuccessful flow generates only a few packets. On the other hand, when
comparing the packet loss ratio of TCP to UDP traffic, it is not surprising that this value is
much higher with UDP traffic, since a UDP source generates the same amount of packets no
matter there is path to the destination or not.

The statistics on throughput and end-to-end delays listed in Tab. 5 are based on established
flows. The end-to-end delays at different datarates are jointly decided by path length, queueing
delay, per-link delay and traffic load. At 54 Mbps, quite a few flows are not established. The
total traffic is correspondingly moderate, resulting in a short queueing delay. A long route is
the main ’contributor’ for the end-to-end delay in this case. At 36 Mbps, almost all TCP flows
are established. The queueing delay contributes significantly to the total delay at this datarate.
At the lowest two datarates, there are also longer queueing delays partly due to more routing
overhead mentioned earlier, in addition to TCP traffic. Of course, the intrinsic long per-link
delay at lower datarates makes the end-to-end delay even longer in these cases.

Finally, the TCP throughput is relevant to the achieved end-to-end delay. Again, we observe
from our simulations that 18 Mbps outperforms other datarates with respect to throughput, as
illustrated in the table.

4. CONCLUSIONS AND FUTURE WORK

In 802.11 based multirate ad hoc networks, a higher datarate is expected to be chosen as
the ’working’ datarate. However, from the perspective of network connectivity, the highest
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datarate(s) may not necessarily be suitable for ad hoc networking. Based on a connectivity
indication expression, we have proposed a connectivity-aware rate adaptation algorithm in
this paper. The selected optimal datarate is the highest datarate that guarantees a fully
connected network. Through analysis and simulations conducted in an 802.11b/g based ad hoc
network, we demonstrate that the selected datarate outperforms all other datarates in terms
of connectivity, throughput, end-to-end delay and packet loss ratio.

As one can imagine, the proposed algorithm is based on a prerequisite that the network
topology, in terms of the number of nodes and the system area, is known. However, when
applying this algorithm in a fully distributed network, different nodes may choose different
’optimal’ datarate according to their own knowledge on the network configuration. This may,
likely, lead to a performance anomaly [16] problem in 802.11 based multirate networks. The
pros and cons of using the connectivity-aware individual rate adaptation algorithm, while also
taking the problem of performance anomaly into account, are left for future work.
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