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1. Introduction

Wireless ad hoc networks provide quick and easy networking in circumstances that require
temporary network services or when cabling is difficult. With the widespread use of
multimedia applications that require Quality of Service (QoS) guarantees, research in
providing QoS support in wireless ad hoc networks has received much attention recently
(Nafaa, 2007). The term QoS gathers several concepts. Some efforts, like admission control,
intend to offer guarantees to the applications on the transmission characteristics, for instance
bandwidth, delay, delay jitter, or packet loss. Other solutions, like QoS routing, only select
the best path among all possible choices regarding the same criteria. In both cases, an
accurate evaluation of the amount of resources available (i.e., available bandwidth) on a
given path is necessary. Therefore, obtaining accurate information of available bandwidth is
a crucial basis for QoS-aware controls in wireless ad hoc networks. In the followed analysis,
the term available bandwidth will be denoted by “AB” for brevity.

Since the IEEE 802.11 Distributed Coordination Function (DCF), based on Carrier Sense
Multiple Access with Collision Avoidance (CSMA/CA), is the most popular MAC protocol
used in ad hoc networks, the AB estimation problem in 802.11-based ad hoc networks has
been a focus of recent research. Some approaches that used to be applied in wired networks
have been adopted in wireless scenario, e.g., (Hu & Steenkiste, 2003; Jain & Dovrolis, 2003;
Melander, Bjorkman et al., 2000; Ribeiro, Riedi et al., 2003; Strauss, Katabi et al., 2003).
Meanwhile, some new proposed approaches that specialize for wireless networks have been
proposed, e.g., (de Renesse, Friderikos et al., 2007; Sarr, Chaudet et al., 2008; Wu, Wang et
al., 2005). So far, however, there is neither consensus on how to precisely measure the AB in
ad hoc networks nor a practical approach that has been widely adopted, which makes all
these approaches on the stage of experiment or simulation and no standard is agreed yet. So
it’s time to rethink the AB estimation in ad hoc networks, and find out the challenges that
make it so difficult to arrive at an agreement. In this chapter we’ll review the existing
approaches for AB estimation, presenting the efforts and challenges to AB estimation in
802.11 or 802.11-alike ad hoc networks, and we will also give some proposals to tackle these
challenges. Analyzing these problems will help to not only develop an accurate AB
estimation approach but also design QoS support schemes in ad hoc networks.

This chapter is based on our work that previously, in parts, have been published in (Zhao,
Garcia-Palacios et al., 2009; Zhao, Wang et al., 2009; Zhao, Wang et al., 2010). And the rest of

www.intechopen.com



62 Mobile Ad-Hoc Networks: Protocol Design

this chapter is organized as follows. In Section 2, we first give a review of the state-of-the-art
of AB estimation in ad hoc networks. Then in Section 3, we present the challenges of
sensing-based approaches for AB estimation in 802.11 or 802.11-alike ad hoc networks and
also give some solutions to them via analysis and simulation experiments. And in Section 4,
we present the model-based approaches for AB prediction. In the end, we conclude this
chapter in Section 5.

2. State of the art

In ad hoc networks, AB is defined in the context of end-to-end network path. Specifically,
the path is a sequence of nodes, i.e., N;, N>, Ns...and N,+; (n is the hop count), that
communicate using identical, half-duplex wireless radio based on 802.11 DCF mode. The
data packets are relayed from Nj till Ny+;. The link (or hop) between N; and Ni; is referred
to as Link i. See the illustration in Fig. 1.

Link 1 Link 2 Link i

Fig. 1. n-hop path to calculate the end-to-end AB

The state of Link 7 at time t is
() 0, when Linkiisidle 1
(B= 1, when Linkiis busy (0

Note that the node being busy can be caused by its transmitting, receiving or the
neighboring interference. In the time period of [¢t, t+1], the utilization of Link i is

O REIOL &)

The AB is defined as the unused bandwidth over the time interval 7, here 1 is usually referred
to as the estimation period (namely the time needed for estimating AB once). It is not a constant
value and can be changed in different estimation tools, or even in a tool according to the
network scenario. Then the AB of Link 7 in the time period of [¢, t+1] can be expressed as

AB,(t) =C,(1-U,(t)) 3)

where C; is the channel capacity of Link i. And the end-to-end AB of a path is mainly
determined by the link with minimum AB along the path.

AB estimation has generated several contributions in the wired and wireless networking
communities. Several classifications of these solutions may be imagined. We chose to classify
the approaches that could be adopted to estimate AB in 802.11 ad hoc networks into three
categories: probe-based approaches, sensing-based approaches and model-based approaches.

2.1 Probe-based approaches

Probe-based approaches estimate the AB along a path via sending end-to-end probe packets.
All these approaches are principally based on Probe Gap Model (PGM) or Probe Rate
Models (PRM) (Strauss, Katabi et al., 2003). In PGM, the AB is obtained by first building the
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mathematical formula of AB regarding the sending gaps and receiving gaps between probe
packets, and then measuring the sending gaps and receiving gaps between probe packets to
obtain AB. While PRM adopts a more straightforward principle as follows: if the probe
packets sending rate is faster than AB, the probe packets will queue at some routers so that
end-to-end delay increase gradually; On the other hand, if the probe packets sending rate is
slower than AB, the probe packets will experience little delay. Therefore, the AB can be
obtained while observing the delay variation and deciding the time when congestion begins.
Furthermore, PGM can be cooperated with PRM, for instance in IGI (Initial Gap Increasing)
method that proposed in (Hu & Steenkiste, 2003).

In the past decade, many probe-based AB estimation tools have been developed, such as
Spruce (Strauss, Katabi et al., 2003), TOPP (Melander, Bjorkman et al., 2000), Pathchirp
(Ribeiro, Riedi et al., 2003), IGI (Hu & Steenkiste, 2003), Capprobe (Kapoor, Chen et al., 2004)
and Pathload (Jain and Dovrolis, 2003) to name a few. The developing course of these
approaches is to build a more accurate relationship between AB and metrics in probe
packets and thus increase the AB estimation accuracy. And a survey of them can be found in
(Zhou, Wang et al., 2006). This type of approaches is most proposed originally for wired
networks, and with the requirement of estimating AB in wireless ad hoc networks they are
also adopted in wireless scenario. However, the difference between wired networks and
wireless networks, especially that wireless ad hoc networks cannot bare the heavy overhead
brought by the probe packets, impulses approaches specifically for wireless ad hoc network
to be proposed. These approaches are trying to reduce the amount of probe packets and
thus decrease the estimation overhead, among which the representative work are SenProbe
(Sun, Chen et al., 2005) and the approach in (Hoang, Shao et al., 2006). SenProbe uses a
return-way technique to estimate the unidirectional path capacity in wireless sensor
networks, and thus simplify the path capacity estimation process. To further decrease the
estimation overhead, authors in (Hoang, Shao et al., 2006) use a one-way probe (The
destination node sends the probe to the source node and the source node estimates the AB).
In theory, (Hoang, Shao et al., 2006) can reduce half of the overhead comparing to SenProbe.
Whereas, reducing the probe packets will inevitably decrease the estimation accuracy.
Though the research on probe-based approaches is still moving on to find a balance between
accuracy and overhead, some practical drawbacks of this type of approaches make it
difficult to break through in its application in wireless ad hoc networks. First, the accuracy
of probe-based approaches is not satisfactory. C. Dovrolis etc. (Dovrolis, Ramanathan et al.,
2004) proved that PGM model actually estimates the Asymptotic Dispersion Rate (ADR)
instead of the AB (The ADR is asymptotic dispersion rate between AB and channel capacity,
and is an upper bound of the AB). At the same time, authors in (Lakshminarayanan,
Padmanabhan et al., 2004) showed that in a CSMA- based wireless networks, a new probe
packet enqueued at one of the stations might in fact be transmitted sooner than the older
cross-traffic packets waiting at other stations. So the probe packet may not experience a
delay commensurate with the total volume of cross-traffic, leading to over-estimation of the
AB. On the other hand, (Lao, Dovrolis et al., 2006) arrived to a conclusion that contrary to
the former two research: in general cases PGM can significantly under-estimate the AB of an
end-to-end path. Maybe this can explain why Lakshminarayanan etc. (Lakshminarayanan,
Padmanabhan et al., 2004) had arrived to the conclusion, via experiments, that most of
probe-based approaches can only used in wired networks, and if they are used in 802.11
wireless networks, the measurement result will have big error without obvious
disciplinarian. Second, there are some practical problems when deploying existing probe-
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based bandwidth measurement approaches in ad hoc networks. It was observed(Johnsson,
Melander et al., 2005), for instance, that the measured link capacity show dependence on the
probe packet size and a smaller probe packet size will result in a lower bandwidth
estimation. Besides, the source node is supposed to have the ability to send probe packets at
a higher rate than AB via using PGM model. And the most but not the last drawback is that
when every node in an ad hoc network needs to perform such an estimation for several
destinations, the number of probe packets introduced in the network can be important and
interact on the traffic as well as on other probes.

2.2 Sensing-based approaches

With the effort to avoid the presented problems in probe-based approaches, recent research
contributes to estimate the AB on a given wireless link via sensing-based approaches. These
approaches need not to send probe packets, but sense nodes’ channel utilizations and
eventually exchange this information via local broadcasts to calculate the AB. Usually these
local broadcasts are performed using Hello packets that are used in many routing protocols
to discover local topology. If these exchanges are not too frequent, this technique can be
reasonably considered as non intrusive (Sarr, Chaudet et al., 2008). And thus sensing-based
approaches are very suitable for wireless networks.

In (Zhai, Chen et al., 2006), the authors proposed the index CBR (channel busyness ratio) for
AB estimation, which is easy to obtain and can timely represent channel utilization. Though
this algorithm is proposed for single-hop WLAN, it is straightforward to get the idea that
the AB of the multi-hop path as illustrated in Fig. 1 can be got by calculating
min{l1-CBR,,i=1,2,..n+1}, where CBR, is the channel busy ratio that sensed by node N;.

K. Xu, etc. (Xu, Tang et al., 2003) adopted this idea and added a smoothing factor to mask
transient effects. But they only considered the AB estimation at each node within the path
and did not consider any possible distant interfering nodes. To fix this problem, QoS-AODV
proposed in (de Renesse, Ghassemian et al.,, 2004) also performs such per-node AB
estimation, but the bandwidth available to a node is computed as the minimum of the AB
over its single-hop neighborhood. However, with 802.11 protocol, two nodes within carrier
sense range share the medium and thus the bandwidth, even if they cannot directly
communicate. To consider carrier sense range interfering, most existing literatures such as
FAT (Wu, Wang et al., 2005) and CACP (Yang & Kravets, 2005), approximate the carrier
sense area by the two-hop neighborhood. The basic ideas of them are alike: each node
provides information about the total bandwidth it uses to route flows and about its one-hop
neighbors as well as their usage of the bandwidth, by periodically broadcasting a Hello
message containing this information. Then, each node can compute the bandwidth usage
and then derive the AB in its two-hop neighborhood.

Since the interference ranges of nodes within the same multi-hop path overlap, this
phenomenon prevents a node from forwarding transmissions while any path members
within its interference range are sending. Thus multiple links on the path of a flow contend
for bandwidth, which is known as the intra-flow contention problem and was first studied in
(Sanzgiri, Chakeres et al., 2004). Because of intra-flow contention, the actual AB for a flow
should be further divided by the contention count (CC), namely the number of nodes that
contend for bandwidth. The CC at node N; can be represented as

CC, =|CSN, N NoP| +1 4)
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where CSN, is the set of nodes that within N;'s carrier sense range, NoP is the set of the
nodes in the path. This problem is nontrivial because of the difficulty to find out the nodes
within one node’s carrier sense range. In literature, four methods were proposed to calculate
CC: (1) based on the assumption that the interference range is the two-hop range, CC equals
the hop count if the hop count is not more than 4, or 4 otherwise. This is the most popular
approach in literature, e.g., (Chen & Heinzelman, 2005; Sarr, Chaudet et al., 2008); (2)
increase the transmit power so that the packet can be successfully received by all the nodes
in carrier sense range, e.g., CACP (Yang & Kravets, 2005); (3) sense the duration of the
packet to determine the nodes in its carrier sense range, e.g., (Sanzgiri, Chakeres et al., 2004);
or (4) use localization information with the help of Global Position System (GPS)(Gupta,
Musacchio et al., 2007).

In the end, besides considering the carrier sense range media usage, the recent study ABE
(Available Bandwidth Estimation) (Sarr, Chaudet et al., 2008) further considered the overlap
probability of two adjacent nodes’ idle time ( P,), packet collision probability (P.) and the
proportion of bandwidth (K) consumed by the waiting process of 802.11 to improve the
accuracy of AB estimation. Then the end-to-end AB of the path {N;, N2, Ns... Ny+1} at time t is

AB(t) = min{PU (1-P)-(1-K)- ACBé(t),ﬁ 1,2,...,71} (5)

1

Sensing-based approaches were first proposed for single-hop wireless networks and then
extended to multi-hop wireless scenarios. In this research, improving the estimation
accuracy acts as the main driver. And so far, there is still work to do. For instance, AAC
(Adaptive Admission Control) protocol (de Renesse, Friderikos et al., 2007) and ABE scheme
(Sarr, Chaudet et al., 2008) are recently proposed schemes for AB estimation in 802.11-based
ad hoc networks, but both of them need further improving in the consideration of the
overlap probability of two adjacent nodes’ idle time, i.e.,, P.. In AAC, the transmitter and
receiver are assumed to obtain perfectly synchronization, i.e., P, = 1. But, in fact, there is
possibility that when the transmitter is sensing idle the receiver is busy and thus cannot
receive the packets from the transmitter, and vice versa. Under this case, AAC will over-
estimate AB on the link between this transmitter-receiver pair. To resolve this problem, ABE
use probability analysis to calculate P, under the assumption that each node’s surrounding
medium occupancy is a uniform random distribution and independent to each other. This
assumption, however, ignores the factual dependence of the interfering around the sender
and the receiver, and thus will also result in inaccurate estimation of AB. This observation
inspired our work in (Zhao, Garcia-Palacios et al., 2009) to calculate the overlap probability
for two adjacent nodes’ idle periods while taking into consideration the factual dependence
of the interfering around them. And consequently improve the accuracy of AB estimation in
IEEE 802.11-based ad hoc networks.

2.3 Model-based approaches
The AB estimation approaches that utilize currently sensed information are often

insufficient because they lack predictive power and scalability, just considering that the
entrance of a new flow will result in the change of network parameters (i.e. collision
probability) and further the real AB. We need an approach that with predictive power and
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has the ability and scalability to find the quantitive consequences of the entrance of new
flows, and to achieve this goal, a proper model is necessary.

In the seminal work of Bianchi (Bianchi, 2000), the authors provided an analysis model for
the behavior of 802.11 DCF protocol assuming a two dimensional Markov model at the
MAC layer. The main assumptions in this work are (i) every node is saturated (i.e. always
has a packet waiting to be transmitted), (ii) transmission error is a result of packets collision
and is not caused by channel errors and (iii) the network is homogeneous (i.e. each node acts
the same). Provided that these assumptions are satisfied, the resulting model is remarkably
accurate. However, these assumptions are not necessarily true in practical networks.

First, the saturation assumption is unlikely to be valid in real multi-hop wireless networks.
And even in WLAN:S, it is proved that the optimal work point! of a network lies before it
entering saturation (Zhai, Chen et al., 2005). Thus more recent studies have shifted the focus
onto 802.11 networks operating in non-saturated conditions, such as (Malone, Duffy et al.,
2007) and (Kun, Fan et al., 2007), where the authors extended the underlying model in order
to consider unsaturated traffic conditions by introducing a new idle state that accounts for
the case in which the node buffer is empty, after a successful packet transmission.

To relax the dependence on the second assumption in (Bianchi, 2000), authors in
(Chatzimisios, Boucouvalas et al., 2003) deal with the extension of Bianchi’s Markov model
in order to account for channel errors. And in (Qiao, Choi et al., 2002), the authors look at
the impact of channel errors and the received SNR (Signal-to-Noise Ratio) on the achievable
throughput in a system with rate adaptation, where the transmission rate of the terminal is
adapted based on the link quality. (Daneshgaran, Laddomada et al., 2008) extends the
previous works on this subject by looking at a more realistic channel condition for
unsaturated traffic, and their assumptions are essentially similar to those of Bianchi’s with
the exception that they do assume the presence of both channel errors and capture effects
due to the transmission over a Rayleigh fading channel.

To relax the dependence on the third assumption in (Bianchi, 2000), authors in (Ergen and
Varaiya, 2005) propose a novel Markov model for the 802.11 DCF in a scenario with various
nodes contending for the channel and transmitting with different transmission rates. An
admission control mechanism is also proposed for maximizing the throughput while
guaranteeing fairness to the involved transmitting nodes. And (Qiu, Zhang et al., 2007)
develops a more general model to estimate the throughput, based on SNR or RSSI (Received
Signal Strength Index) measurements from the underlying network itself and thus is more
accurate than abstract propagation models based on distance. Their model also takes into
account the general case of heterogeneous nodes with different traffic demands and
different radio characteristics. While management decisions can be based on SNR or RSSI
measurements from the PHY layer, it is known that these may be only weakly correlated
with the actual channel behavior perceived at the MAC layer (Aguayo, Bicket et al., 2004).
Model-based approaches are very useful for network performance analysis, but the
challenge is that to build an accurate analysis model for multi-hop wireless networks is not
an easy job.

1 The optimal work point is the turning point that the network should work around. Before that point,
as the input traffic increases, the throughput keeps increasing, the delay and delay variation does not
change much. After that point, the throughput drops quickly and the delay and delay variation increase
dramatically.

www.intechopen.com



Available Bandwidth Estimation and Prediction in Ad hoc Networks 67

3. Sensing-based approaches for AB estimation

We already mentioned that the probe-based approaches presented above do not yield
accurate results in a wireless ad hoc context because of their practical drawbacks. In this
section, we will mainly focus on sensing-based approaches, considering the challenges for
accurate AB estimation and then presenting some solutions to them.

3.1 Identification of the nodes in the carrier sense range

Under the DCF mode, a transmission within one node’s carrier sense range will interfere its
receiving, which means while estimating one node’s busy time (which is the first step to
obtain the AB) we have to consider the interference in the carrier sense range. Thus
identifying the nodes in one node’s carrier sense range, which is represented by CSN in (4),
is important to accurately estimate end-to-end AB.

Carrier sense range: 550m

Tx range: 250m_
Link IN 7
Ni%ﬂ ) N.
®150 >@ 150m 150m % 150nT© 1505@

m
Fig. 2. Example scenario

In the majority approaches to identify the CSN, the node’s carrier sense range is commonly
expressed in terms of number of hops, k. And then use hello messages broadcast over the k-
hop range to identify CSN. The most popular value of k is 2, e.g., (Chen & Heinzelman,
2005; Sarr, Chaudet et al., 2008; Wu, Wang et al., 2005) and the CACP-multihop in (Yang &
Kravets, 2005) . However, this is not necessary true in real wireless scenarios. Take the case
shown in Fig. 2 as an example. Node N; is within the carrier sense range of N, but 3 hops
away from it. When N is transmitting to N, the transmission will reduce the AB on Link 1
(N2 will sense the transmission from N; and thus shut itself down according to 802.11
protocol, which prevents Link 1 being on). But this effect is not counted by the
aforementioned approach which assumes the carrier sense range is two-hop range. To
resolve this problem, in AAC (de Renesse, Friderikos et al., 2007), the value of k switches
between 2 and 3 with respect to the roughness of the path. And it is claimed that the
roughness of the path is very likely to depend on the network node density. A high node
density involves more paths existing between two mobile hosts. If nodes are uniformly
distributed, there is a high possibility that the shortest path will be the smoothest. However,
this theory holds only when assuming all nodes have an identical circular propagation
region.

In (Yang & Kravets, 2005), Yang and Kravets also proposed two other different approaches,
CACP-power and CACP-CS, to identify CSN. CACP-power assumes that the transmission
power is variable. This approach consists of increasing the transmission power for
bandwidth query messages such that all carrier sense nodes are able to decode it, which
implies high power consumption and potential interferences as drawbacks. CACP-CS
analyzes channel activity at a power threshold called Neighbor-carrier- sensing Threshold,
which is set much lower than the carrier sensing threshold. Thus, each node is able to derive
the bandwidth consumption of all its CSN. This technique minimizes overhead but could
include isolated nodes that do not belong to any carrier sensing range. In real scenarios
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where noise interferes with almost any signal, such a low power threshold detection system
might wrongly interpret channel activity.

Without increasing the transmission power or decreasing the analysis power threshold, K.
Sanzgiri, etc. (Sanzgiri, Chakeres et al., 2004) propose two methods, Pre-Reply Probe (PRP)
and Route Request Tail(RRT), to obtain the number of CSN along a multi-hop path, i.e., CC
in (4). The highlight of the proposed solutions is that carrier-sensing metrics such as the
duration of sensed transmissions, is used to deduce the information of neighbors within
carrier sense range, and no high power transmissions are necessary. But they either requires
an additional message (PRPM) to be transmitted during route discovery (in PRP) or a tail is
attached to RREQ packets (in RRT), which will increase the network overhead. Furthermore,
counting sensed packets of a particular duration can enhance computing complexity and
thus increases the route acquisition latency.

3.2 Estimation of the collision probability under unsaturated ad hoc networks
Collision is one important characteristic of wireless networks (Bianchi, 2000; Zhai, Chen et
al., 2005). There are two main reasons to bring collision: (1) after each node’s backoff, two
nodes start to transmit packet to a same node at the same time; (2) the collision brought by
the problem of hidden node. After collision, a node has to backoff and waits to retransmit.
So the airtime taken by collision and backoff can not be used to transmit data, thus should
be eliminated from the AB, see (5). And to do that we have to first estimate the collision
probability.

The overwhelming majority of the analysis on collision probability is based on saturated
scenario, i.e.,, Bianchi’s landmark Markov model (Bianchi, 2000) and some research
following it (Kuan & Dimyati, 2006). Unfortunately, as aforementioned that a very
important task of network control is to avoid the network from saturation and keep it work
at an unsaturated “optimal work point” (Zhai, Chen et al., 2005). It means the controlled
network will work under unsaturated scenario. Thus recent research is focus on the analysis
or estimation of the collision probability under the unsaturated scenario.

The first inspiration is that we can rely on the models for non-saturated networks. In
(Malone, Duffy et al., 2007), (Ahn, Campbell et al., 2002) and (Ergen & Varaiya, to appear),
modifications of (Bianchi, 2000) are considered where a probability of not transmitting is
introduced that represents a node which has transmitted a packet, but has none waiting.
With these models, we can derive the collision probability in non-saturated networks.
However, it is important to note that the Markov chain’s evolution is not real-time, and so
the estimation of collision probability and throughput requires an estimate of the average
state duration. Furthermore, as aforementioned that accurate analysis models for multi-hop
networks are difficult to build up and maintain in distributed networks.

Without relying on analysis model for network behavior, ABE (Sarr, Chaudet et al., 2008)
considered the real-time estimation of collision probability via calculating the collision rate
of Hello packets. The idea is that since every node knows how many Hello packets should
be received from one neighbor during a specific period (usually defined by the routing
protocol) thus it can measure the collision rate of Hello packets, preio, via keeping an account
on the number of Hello packets it actually received. And then obtain the collision
probability of data packets, p, by multiplying a Lagrange interpolate polynomial to
compensate the different packet size between data packets and Hello packets as follows,

Pe = f(m)* Prio (6)
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f(m)=am’® +bm*> +cm+d (7)

where m is the size of data packets; a, b, c and d are polynomial parameters, which are
obtained after different simulations varying data packet sizes and network load in (Sarr,
Chaudet et al., 2008). However, there are two main shortcomings when using this approach.
The first issue is that Hello packets are sent at a much lower rate than that of data packets.
For instance, when considering AODV routing protocol (Perkins, Royer et al., 2001), Hello
packets are usually sent at the frequency of 1 packet per second. Only to recognize that at a
rate of 2 Mbps and assuming packet sizes of 1K bytes around 250 data packets are sent for
just 1 Hello packet. In theory we could adopt a wider measurement period (e.g., 10 seconds),
however the ratio to data packets is still as high and the measurement period can be too
long for fast changing topology scenarios that are likely to emerge in Ad hoc networks.
Therefore, although collisions on Hello packets can give some idea on collisions rates of
Data packets, it is impossible to get an accurate estimate. A second issue is that experiments
have to be run in advance in order to get a relative accurate expression of the Lagrange
interpolating polynomial (f(m)) for a given scenario, and this expression will change when
varying the scenario (e.g. number of stations, topology and packet size profile).

Fig. 3. A typical collision scenario

1
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Fig. 4. Evaluation results

Let’s consider the same typical collision scenario as in (Sarr, Chaudet et al., 2008), shown in
Fig. 3, where C is a hidden node to A. Our aim is to use the aforementioned approach to
estimate the collision probability over the target link A-B, which caused by the interfering
flow C-D. As the throughput in the interfering flow changes, the collision probability over
our target link changes. The simulated medium capacity is set 2 Mbps with a packet size of
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1K bytes. And the results are plotted in Fig. 4, which shows the instability and the
inaccuracy of estimating p by using Hello packets as in (Sarr, Chaudet et al., 2008).

3.3 Airtime synchronization

For the communication to happen, the medium has to be free on the sender’s side so that the
sender gains access the medium. On the receiver’s side, the medium has to be free during
the time required to transmit the whole data frame to avoid colliding. In other words, the
medium availability on the sender and receiver sides has to somehow synchronize for the
communication to take place. Fig. 5 (Sarr, Chaudet et al., 2008) shows two extreme case of
the airtime availability at the sender side and the receiver side: (a) when they are never
overlapped and (b) when they are totally overlapped. We can see that though in both cases,
the idle airtime values measured at each node are the same but in case (a), the periods of
airtime availability of both peers never overlap and the AB on the link is null. In the
opposite case, the scenario depicted in (b) offers several communication opportunities on
the link, when both sides are idle. So we have to consider this synchronization problem of
the airtime at the sender and receiver side when estimate the AB.

Busy Sender Busy Sender
Idle — L Idle ] L
Busy— —— Busy
Idle T Idle — L
Receiver Receiver
(a) (b)

(a) when they are never overlap; (b) when they are totally overlap
Fig. 5. Airtime at the sender side and the receiver side

Many existing publications, e.g., AAC (de Renesse, Friderikos et al., 2007) and (Wu, Wang et
al., 2005), calculating the idle time ratio on Link 7, enoted as R, as

R; =min{r, r,,} (8)

where r; and r;+; are the idle time ratio sensed by N; and N;:+;. These works actually assume
that the airtime is totally overlapped. In order to obtain a more accurate consideration of the
airtime synchronization, ABE (Sarr, Chaudet et al., 2008) assumes that the each node’s
surrounding medium occupancy is a uniform random distribution and the idle time ratio on
Link i is represented by

R =11, 9)

But for adjacent nodes, neither their airtime could be synchronized naturally nor are they
independent to each other. In our recent research (Zhao, Garcia-Palacios et al., 2009), we
have evaluated the approaches proposed in AAC and ABE to reveal the insufficiency of
them. And we further proposed an AB estimation approach IAB (Improved Available
Bandwidth estimation) which achieves more accurate estimation in [25]. The main
contribution of IAB is that it considered the natural dependence between the medium state
that sensed by two adjacent nodes. And this consideration is realized as follows. We first
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differentiate the channel busy state caused by Transmitting/Receiving and the channel
Sensing state. And this differentiation results in a more accurate estimation of the overlap
probability of the idle times between two adjacent nodes and consequently a more accurate
estimation of the AB between these nodes.

3.4 Intra-flow contention

Intra-flow contention prevents a node from forwarding transmissions while any path
members within its interference range are sending, thus reduce the end-to-end AB of a
multi-hop path. Therefore, we have to take this phenomenon into consideration when
estimate the end-to-end AB in multi-hop ad hoc networks.

As described in Section 2.2, the overwhelming approaches to consider the intra-flow
contention is to divide the AB further by the contention count, i.e., CC, and in literature
there are three methods to calculate the CC. These methods are not satisfactory in that they
either too simplified to reflect the real scenario (Chen & Heinzelman, 2005; Sarr, Chaudet et
al., 2008), or increase the power consumption (Yang & Kravets, 2005) or complexity (de
Renesse, Friderikos et al., 2007; Sanzgiri, Chakeres et al., 2004) of the network control. And
what makes the problem worse is that even if we can accurately get the value of CC,
dividing the bottleneck link’s AB by CC (this method is referred to as the average-based
method for brevity) cannot provide the accurate information of the end-to-end AB. The
reason lies in that there is a throughput deviation of each link which leads to overlapping of
simultaneously transmitting packets and collisions. Recently, authors in (Jae-Yong &
JongWon, 2007) use the central limit theorem to model the throughput deviation, assuming
the summation of uniformly distributed backoff times, which is referred to as the deviation-
based method. Unfortunately, the proposed throughput deviation model can only consider
the collisions due to two simultaneous transmissions along a path. This is invalid when
there are more than 4 hops, in which case more collision scenarios exist. For clarity, let’s
consider an n-hop path, as illustrated in Fig. 1. The distance between two adjacent nodes is
kept 200m in order to ensure that a flow generated in N; will go through each intermediate
node and reaches the destination while we set transmitting range and carrier sense range
respectively as 250m and 550m. In Fig. 6, we vary the number of hops, i.e., n, and plot the
calculated end-to-end AB using average-based method, deviation-based method as well as
the real value via simulation (The simulated medium capacity is also set 2 Mbps with a
packet size of 1K bytes as in Fig. 4).

Fig. 6 clearly shows that the average-based method does not reflect the real value when the
hop count is 4 or more because it neglects the collision due to throughput deviation of each
link. Note that there is no collision for 3 or less hops, in which case the throughput average
method matches the real value. Deviation-based method still accurately estimates the AB
when the hop count is 4. However, it disagrees with the real AB after the path exceeds 4
hops, which keeps on decreasing. This estimation error can be explained by that more
collisions appear when the hop count exceeds 4 which will further decrease the AB. (The
average collision probability is also showed in Fig. 6.) The results demonstrate that the
model in (Jae-Yong & JongWon, 2007) which only considers the collisions due to two
simultaneous transmissions will produce an inaccurate AB calculation when the hop count
is more than 4.

To solve this problem, our recent study (Zhao, Wang et al., 2010) proposes and validates a
model to analyze the intra-flow contention of a given path in multi-hop wireless networks.
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The basic idea is twofold: (i) We consider the intra-flow contention problem with an analysis
model that account for the contenting links” behavior, instead of just calculating the
contention count. (ii) The model envelops important factors for intra-flow contention, i.e.,
neighboring interference, hidden-node collision and possible multi-rate scenario, which
make it approach reality and obtain accurate results. (The results obtained by our proposed
model under the aforementioned scenario are also shown in Fig. 6, with the legend of Model-
based AB estimation.)
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Fig. 6. End-to-end AB while varying the hop count

4. Model-based approaches for AB prediction

The model-based approaches are of redictive power and the current challenge is to derive
more accurate and scalable analysis model. We will show our effort on this topic in this
section.

4.1 Analytical model

For a better understanding, we give an overview of our model as shown in Fig. 7. Our
model takes network information (topology and existing traffic), radio-dependent
parameters and incoming traffic throughput demands as input and outputs the predictive
throughputs of both the incoming flow and existing flows. Such a model is a powerful tool
for performing what-if analysis and facilitating network optimization and diagnosis.
Although in this chapter we focus on the throughput demands, or bandwidth requirement,
of the flow, there is coupling of bandwidth and delay over a wireless link as shown in
(Chen, Xue et al., 2004). So the model in this chapter can potentially be extended to analyze
other QoS requirements, such as delay, by relating them to the network parameters,
however this is out the scope of this chapter.
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Fig. 7. Model structure

The model consists of three major components: S-R (i.e., sender-receiver) pair model,
interference model and bandwidth requirement mapping model. These models will be
covered in Sections 3.2, 3.3 and 3.4 respectively. The S-R pair model gives the link state from
the view of an S-R pair, and considers important probabilities such as the transmission
probability, the unsuccessful transmission probability, the sense busy probability and the
non-empty transmission buffer probability. The interference model constructs the
contention graph of the network, in order to analyze the interference of contending links.
The bandwidth requirement mapping model relates the network parameters in the S-R pair
model and interference model to the bandwidth requirement of the incoming flow(s). It is
also important to initiate some key parameters that used in this model, which is explained in
Section 3.5.

4.1.1 S-R pair model

The behavior of an S-R pair that employs an 802.11 protocol is dictated by the occupation of

the “air’ around it (the channel). We denote the sender and receiver respectively as Ni.; and

Ny, and the link between them as Link k.

We adopt the concept of generic slot used in (Dao & Malaney, 2008) (which is also denoted

as variable length slots (VLS) in (Li, Qiu et al., 2008)), thus for the channel sensed by the

Link k, 4 different states can be identified:

i.  Idle—Ny1 has seen the medium as idle and, either it has no data to send or its backoff
counter has not reached 0 (i.e. backoff is in process).

ii. Successful transmission—Ni.1 has transmitted a packet, received an ACK from N and
is about to resume backoff.

iii. Unsuccessful transmission —Ny.; has transmitted, timed-out while waiting for an ACK
from N and is about to resume its backoff.

iv. Sense busy —Ni.1 has detected the medium busy due to one or more other nodes
transmitting, by means of either physical or virtual carrier sensing (i.e., the Network
Allocation Vector, NAV), and has suspended its backoff until the NAV and DIFS/EIFS
indicate that the backoff can resume.

The average time intervals during which Link k remains in idle, successful transmission,

unsuccessful transmission and sense busy are denoted by o, Ty, Ci, and By, respectively. o is

constant, equal to the backoff slot. The duration of the other intervals can be variable,
depending on the access mechanism, the frame size, and the sending rate. From the
perspective of the S-R pair, the evolution of the channel state of Link k can be abstractly

represented by a temporal diagram such as the one exemplified in Fig. 8(b).

So the average length of the Generic slot of link k can be expressed as:

E =pC+ 0 (1-p )T +(1-7)bB, + (1-7,)(1-b)o (10)
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(@) The S-R pair; (b) The state of the channel between the S-R pair
Fig. 8. S-R pair model

where 7, represents the transmission probability on one time slot; p, is the unsuccessful
transmission probability. b, is the channel busy probability. Then the normalized channel
utilization ratio (i.e., the normalized transmitting airtime whether successfully or not,
represented by x,) and the successful transmission time ratio (represented by y, ) of Link k
can be expressed as:

x, = o C + 7, (1= p )T, (11)

Ek

7.(1-p)T,

y, = e Epk) k (12)

k

The throughput of Link k is, in pkt/s

S - Tk(l];—Pk)A (13)

k

where A is the effective load fraction.

In equation (10), the average durations of a successful transmission and of an unsuccessful
one are known a priori according to the 802.11 DCF standard (see (Bianchi, 2000), here we
neglect the propagation delay). They are as follows under the Basic mode and RTS/CTS
mode:

T ™) = DIFS + DATA + SIFS + ACK (14)
Ck(Bzzsic) =DIFS+ DATA + ACKtimeout
Tk(RTS/CTS) =DIFS+ RTS+CTS+DATA + ACK + 3-SIFS (15)
Ck(RTS/CTS) = DIFS + RTS + CTStimeout

In single-hop 802.11 networks all nodes are synchronized and the duration of a busy period
equals the sum of the other nodes’ transmitting duration. However, in the multi-hop case,
transmissions of different nodes can overlap randomly due to the lack of coordination,
which makes the determination of one node’s busy period more complex. We take the
assumption that if two links, for instance Link i and Link j, cannot sense each other, their
action is independent to each other, this assumption is shown reasonable in (Gao, Chiu et
al., 2006). So the overlap probability, denoted by Poerap(isj), of these two links” transmitting
airtime can be approximated as

p xixx].

overlup(i’j) = ﬁ

cev(i, j)

(16)
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where v(i) represents the set of contending links (i.e., the links that contend with each other,
and we will present them in Section 3.3) of Link i and v(i,j) the set of common contending
links of Link i and Link j. In Eq. (16), the numerator is the normalized probability that they
transmit at the same time. When their common contending links are transmitting, neither of
them can transmit, therefore the denominator represents the total time that they can use to
transmit. Eq. (16) is referred to as the second-order approximation, which will be used again in
our future analysis. Thus the sense busy time of Link k can be obtained via

X. X.
B = /1 __h'h |F 17
AT TS [ "

iy ¢v(ip Uiy ceo(iy ,iy)

A. Calculating the transmission probability T

We should keep in mind that to support an application throughput along one route, the
nodes on this route may have different transmission probabilities considering they may
experience different collision probabilities. But in this section we temporarily drop the
subscript, k, of the symbols for brevity.

A node can begin transmission when the following three conditions are satisfied: i) the node
has data to transmit; ii) the link is idle; and iii) its random backoff counter reaches 0. The
first one is related to the transmission queue. The last two are related to the interference by
neighboring nodes. More specifically, one node’s backoff counter is related to the
unsuccessful transmission probability it experiences.

The transmission probability t is a function of unsuccessful transmission probability p,
which is first given in (Bianchi, 2000) under saturated situations. Recently, in (Kumar,
Altman et al., 2007)and (Malone, Duffy et al., 2007) similar expressions of T as a function of p
are derived respectively for a large class of backoff mechanisms and for unsaturated
situations. The complete expression of t for 802.11 that takes into account the maximum
retransmission limit jointly with the maximum window size and non-saturation case is

given by

2 201
T:n( qWO W _q (1 p)j (18)
1-g)1-pA-1-97") 1-9q
where 7 is the stationary probability of a node being in the state where the backoff process
is complete, but the node’s transmission queue is empty (Malone, Duffy et al., 2007).

1 -gqe— TN+ 0N +1(p(-q)-q(1=p))
7 2(1-q)(1-1-q)™) 2(1-q)

pa’ ( W, - (l_p)zjfwoa—p—p(zp)'"I)H]

g a-pl1-(1-q (1-2p)

And q is the probability that there is at least one packet in the queue after a transmission,
which is mainly related to the traffic load and it will be discussed in Subsection D. Wy and
2mW)j are respectively the node’s minimum and maximum contention window.
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B. Calculating the unsuccessful transmission probability p

The unsuccessful transmission probability p may arise from collisions or channel failure. We
identify three different categories of unsuccessful transmissions as follows: (i) due to
collision between synchronized nodes, which occurs with the probability of Is; (ii) due to
hidden nodes, which occurs with the probability of I;; (iii) due to channel errors, which
occurs with the probability of l. And we assume that these three probabilities are
statistically independent, then a transmission is successful if it does not suffer from any of
the three types of unsuccessful transmission mentioned above (they may occur
simultaneously) and thus the unsuccessful transmission probability is:

p=1-(1-1)1-L)(1-1) (20)

Collisions between synchronized nodes are the traditional type of packet losses due to the
MAC protocol considered in single-hop 802.11 networks (Bianchi, 2000). Indeed, when all
senders are in range of each other, the DCF function is able to synchronize all nodes in such
a way that all transmission attempts happen at well defined slot boundaries recognized by
all nodes. As a result, in this network scenario the conditional unsuccessful transmission
probability for Link k is simply given by

pe=1- ] 1-7) (21)

ixk,ico(k)

If each node has the same transmission probability then we will obtain the same result as in
(Bianchi, 2000): 1—(1-7)"", where # is the total number of nodes in the WLAN. However,

in a multi-hop topology the DCF function fails to synchronize all nodes and the hidden node
collision usually account for an important component of the overall packet collision
probability. The hidden node collision has been modeled in (Zhao, Wang et al., 2010). If

node j is node k’s hidden node, the collision probability experienced at node k due to node j

is as follows (using p,/") and p,/"® to respectively denote the case when node j is the Type

I and Type II hidden node? to node k)

k,j (1) j
phc/ - X XX (22)
m n
A 2 Y
cev(j,k) m,nev(ak); c
mgo(n)Un cev(m,n)
. X, +X.
k,j(2) _ k i
phcj - X XX (23)
m n
1- > x+ ) 1- 3 x
cev(j,k) m,nev({jk); c
mev(n)Un )

cev(m,n

Once we know the type of hidden node to Link i, the overall hidden node collision
probability is the union of p)/,jeh(k) (h(k) represents the set of hidden node to Link k),

he

namely:

? Please refer to (Zhao, Wang et al., 2010) for further detail.
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pk,m % pk,rl
kK _ k,j li he
phc - Z phc - Z - : (24)
jeh(k) m,neh(k); 1- Z X,
mev(n)Un

cev(m,n)

Here, we also use the second-order approximation to unfold the union expression.

Note that the collision may not necessarily result in packet loss, considering the capture effect.
The capture effect is the ability of certain radios to correctly receive a strong signal from one
transmitter despite significant interference from other transmitters. It means that even when
two nodes simultaneously transmit, the one with stronger power still has chance to be
correctly received. We introduce a parameter 0 <o <1 to reflect the average impact of the
capture effect, which is referred to as the capture indicator in this chapter, thus

l.=1-a)p, (25)

Le=1-a)p, (26)

To obtain p, the problem is reduced to obtaining the channel error probability /. and the
capture indicator a. We show how to obtain them via measurement in Section 4.1.4.

C. Calculating the sense busy probability b

The sense busy probability, b, is the probability that the channel becomes busy after an idle
slot due to the activity of other nodes, under the condition that link k does not start its own
transmission. It is equal to the probability that at least one contending link is transmitting,
whether it is successful or not

b=1- [] (1-7) (27)

ico(k)Uk

D. Calculating the non-empty transmission buffer probability q

The variable q represents the probability that there is at least one packet in the queue after a
transmission. In the previous models, to analyze the performance of saturated wireless
networks, each node in the network is assumed to always have a packet to transmit (i.e.,
q=1). But according to the work in (Zhai, Chen et al., 2006), the network does not perform
best when it is saturated and extensive research has been undertaken to prevent the network
from saturation. So the effect of ¢ must be considered in the model.

We introduce a parameter A representing the rate at which packets arrive at the node buffer
from the upper layers, and measured in pkt/s. The mean time between two packet arrivals is
defined as the mean inter-packet time, and thus its value can be calculated as 1/ 1 .

A crude approximation in the unsaturated setting is to assume that packet arrivals are
uniformly distributed across slots and set

g =min , E —, 1y =min{1-E, 1} (28)
mean inter - packet time

where E is the average length of the Generic slot obtained via Eq. (1) and measured in seconds.
If the traffic arrives in a Poisson distribution, then probability q can be well approximated in
a situation with small buffer size through the following relations as (Malone, Duffy et al.,
2007) and (Daneshgaran, Laddomada et al., 2008) revealed:
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g=1-¢* (29)

Here the packet arrival probability is assumed independent to the channel state. A more
accurate model can be derived upon considering different values of q for each backoff state.
However, it has been proved in (Malone, Duffy et al., 2007) that as state-dependent models
are more computational involved, there seems little advantage in employing a state-
dependent model instead of the state-independent model. Thus it is a reasonable solution
using a mean probability valid for the whole Markov model.

Note that, in (29), placing the node in saturation by taking the limit g->1, the model is
reduced to a model for saturated scenarios.

4.1.2 Interference model

Given a set of wireless nodes, a network can be mapped into a contention graph (Chen, Low
et al,, 2005). This contention graph is used to represent interference (i.e. which link is
interfering with which link) which has a consequent impact upon throughp4ut. We use
contention graphs to model the interference between contending links. In the literature,
contention graph models have not considered contention due to hidden nodes which is an
important difference in our work.

The process of mapping a network topology into a contention graph is introduced in (Chen,
Low et al., 2005) and (Gao, Chiu et al., 2006). To illustrate this concept, we take the 4-hop
chain network in Fig. 9(a) as a simple example, where nodes on the route are placed with the
transmission distance Ry. And Rcs represents the carrier-sense range.

R. %

SLink [ 3 Link 2 Qﬁink 3 SLink 4 )
() (b) (©)

Fig. 9. Process of mapping a multi-hop route to its contention graph: (a) Example network;
(b) undirected graph of the network; (c) contention graph

In Fig. 9 (b), nodes that can sense each other are connected. For instance, Ny is connected to
N; and N; because these two nodes are within the carrier-sense range of Ny and they are
considered neighbors of Ny. However N3 and N; cannot be sensed by Ny and therefore are
not connected to Ny. The numbers beside each edge are used to label all active links in the
wireless network, i.e., Link 1, Link 2, Link 3 and Link 4. Finally, in the contention graph in
Fig. 9 (c), all active links are transformed into vertices. An edge between two vertices
denotes contention between two links. This can be deduced from Fig. 9(b). Two links
contend with each other when either the sender or the receiver of one link is within the Rcs
distance of the sender or the receiver of the other, thus they are called contending link to each
other. Note that previous work on contention graph only considered the interference due to
neighboring nodes; while hidden node interferences were not modeled (i.e. in previous
work there is no edge between Vertex 1 and Vertex 4 in Fig. 9(c)). In this research, we will
consider interference due to both, neighboring and hidden nodes.

Note that the aggregate successful transmission time ratio of contending links in the
network should not be more than 1, thus we have the following interference constraint
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Zyigl,VkeN (30)

ico(k)
where N is the set of all active links in the given network.

4.1.3 Mapping bandwidth requirement to the model parameters

In this section, we related the bandwidth requirement of a flow, to the network parameters.
For instance, to satisfy the application bandwidth requirement (BW, bps), given the traffic
packet size (PS, bits), the packet arrival rate is

A= (31)
PS-A

And according to (13), we can easily obtain that the transmission probability used for this
application by a link (Link k) along the path of this application is at least

. BW -E, _ A-E,
¢ PS-(1-p)-A (1-p)

(32)

Recalling equations (18) and (21), the transmission probability will further affect the packet
collision thus the unsuccessful transmission probability p, which will in turn affect the
transmission probability, see (32). The coupling of the network parameters relates the
bandwidth requirement of a flow to all the network parameters.

4.1.4 Parameters initialization

We still need to obtain two radio-dependent parameters to complete the model. Those are
the conditional capture indicator a and the channel failure probability l. In this section, we
estimate these two parameters by conducting broadcast measurement. The key idea is that
we can estimate unicast interference using broadcast packets.

First, we have one node, Node i, broadcasts packets and we keep track of the delivery rate of
the packets at all other nodes in the network. Only one node is active at a time. We denote
the broadcast rate as R; and the delivery rate from Node i to Node j as R;.. Then each node
broadcasts in turn. We then select a pair of nodes, Node i and Node k, and have them
broadcast packets together. All remaining nodes measure the delivery rate of packets they
receive from each of the two broadcasting nodes. For example, at node j, the delivery rate of
packets from i is denoted by Rfj'k . Then each pair of nodes simultaneously broadcast in turn.
Thus, we have carried out a total of o(n*) experiments, where 7 is the number of nodes in
the network.

Using the data gathered from the above methodology, we can obtain the maximum-
likelihood estimators for the channel error probability for the channel from node i and node
j (denoted by ") and the average capture effect experienced by the link from node i to
node j (denoted by «; ) as:

lHj _ Ri - Rz‘j (33)
e - Ri
R
a;= Y, rl.z'kR—J (34)
keN, k+#i ij
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4.2 Model-based algorithms for AB prediction

We have built up a model considering the bandwidth requirement of a new flow and some
other parameters: transmission probability, collision probability. After constructing the
contention graph for a given network, we can easily perform admission control and end-to-
end AB estimation in order to guarantee throughputs to applications in multi-hop wireless
networks.

4.2.1 Admission control

> Input: bandwidth requirement, i.e., BW, of the incoming flow;
given route I'={N;, N,,...,,N,}
> Output: whether the flow can be admitted
1:Initialization : admission =0; 7, = r,fld + M, k=1,2,...r
PS-(1-1,)-A
/ /iterative admission control (MaxlIter = 20 and THD = 0.01 by default)
2 :for iter =1 to MaxlIter

3: update({p;,p)s Ticoy) AP, 7,}) 1/ according to (18) and (20)

4: calculate (y,.y) / /according to (12)
5: if any k satisfies ( Z y; >1) //interference constraint is violated
iev(k)

6: admission = 0; break / /early stop : reject
7: endif
8: rkozﬂ,kzll,...,r

PS-(1-p,)-A
9: if (kg\?x {|z,°—7,|}<THD) / /convergence test
10: admission =1; break / /early stop : admit
11: endif
12 :end for

13 :return admission, 7, °

Table 1. Admission control

Given the bandwidth requirement of a coming flow, the goal of admission control is to
make a decision on whether the requesting flow can be admitted without impairing the QoS
of existing flows. The main challenge is that we cannot make the accurate decision according
to the network states before the flow entered because the entrance of the flow will change
the transmission probability and collision probability. So the idea in this research is to adopt
a what-if analysis, namely to check what will happen if the new flow is admitted. Since
there is strong inter-dependency between the transmission probability and the loss rate of
contending links: the transmission probability of Link k, 7, , depends on its packets loss
probability as well as the transmission probability of its contending links, which in turn
depends on 7, (refer to Eq. (18) and (21) ). To address the inter-dependency, we use an
iterative procedure to jointly estimate the transmission probabilities and loss probabilities.
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We initialize that after a new flow entering, the collision probabilities (including collisions
due to both synchronized nodes and hidden nodes) at all links for this flow are zero. We
then iteratively update link transmission probabilities and packet loss probabilities based on
the other links’ transmission probabilities and loss probabilities derived in the previous
iteration. The iterative procedure continues until the number of iterations reaches a
threshold (Maxlter), or the transmission probability no longer change significantly (Less
than a threshold THD), or a interference constraint (see (30)) is violated. The algorithm is
outlined in Table 1.

In line 1, 7 and E}“ are the corresponding parameters estimated on Link k before the
entrance of the new flow. If there is no traffic on Link k before the entrance of the new flow,
then 7/“=0 and E =T, . This algorithm performs the admission control along a given
route, and it also calculates the sending rate of the sender to guarantee the bandwidth
requirement (obtained via Line 8). This algorithm can also help to perform route selection,
namely find a route that can support the requested bandwidth.

4.2.2 End-to-end AB prediction

> Input: given route I'={N,, N,,..., N, };

> Output: A (the available bandwidth of I')

1: initialization: A1 =4, /2 / /A, is the theoretic maximum capacity
/ /iterative process (MaxlIter = 20 and THD = 1kbps by default)

2: for i = 2 to MaxIter

o 1
3: A°= ?ﬂ@
4: if (A°<THD) / /convergence test
5: break / /early stop
6: endif
7. if (admission control(4, "))
8: A=A+A°
9: else
10: A=A-A4°
11:  endif
12: end for
13: return A

Table 2. End-to-end AB prediction

Let’'s exploit the following property in 802.11 networks (Kun, Fan et al.,, 2007): if the
throughput of A is feasible along a given route without violating the QoS of ongoing traffic,
all throughputs smaller than A are also feasible; while if the throughput is unfeasible, all the
values larger than A are also unfeasible. Thus, we can increase the value of A until it is not
feasible to find the end-to-end AB of path I' without breaking the QoS demands of all
existing traffic. Hence the solution can be obtained with logarithmic complexity by applying
a binary search algorithm (half the search space each time).
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It is worth mentioning that to find the end-to-end AB is different to performing admission
control, the latter is only the answer to whether a flow along a given route with a specific
bandwidth requirement can be admitted, while the former need to further find out the
maximum bandwidth of a flow that can be admitted. Table 2 outlines the algorithm, which
takes the admission control as a sub function.
In Line 1, A is the theoretic maximum capacity, which is the upper bound of our algorithm’s
searching space. Since the algorithm will converge very fast, the accuracy of this value will
not affect the result significantly only if it is bigger than the estimated end-to-end AB. In an
n-hop network, representing C as the channel physical capacity, 4o is set according to the
following equations (i.e., the maximum capacity is limited by the number of hops due to the
existence of intra-flow contention):

C/n, 1<n<4 35
%o = {c /4, n>4 39)

5. Conclusion

With the IEEE 802.11-based ad hoc networks deployed as the vital extension to wired
networks and the widespread use of multimedia applications that require QoS support, AB
estimation is such an important operation that it is very necessary for research community to
create an effective, general-purpose estimation method. This chapter reviews the state-of-the-
art of AB estimation in IEEE 802.11-based ad hoc networks, gives an analysis of the challenges
on this topic. The analysis mainly focuses on fundamental problems, which rise from the
nature of wireless networks and operation of DCF mode. To develop estimation tools that can
work accurately in 802.11 or 802.11-alike ad hoc networks, researchers are expected to think
over all these challenges. It then gives some solutions to these challenges. In particular, it
presents our solutions to improve the accuracy of sensing-based AB estiamtion and model-
based AB predictation. We hope that this analysis can help to spur further work on this topic.

6. Acknowledgements

This work is partly supported by the National Natural Science Foundation of China (Grant
No. 61002032).

7. References

Aguayo, D.;Bicket, J., et al. (2004). Link-level measurements from an 802.11b mesh network.
Proceedings of the 2004 conference on Applications, technologies, architectures, and
protocols for computer communications (SIGCOMM), Portland, Oregon, USA, ACM.

Ahn, G.-S.;Campbell, A. T., et al. (2002). Supporting service differentiation for real-time and
best-effort traffic in stateless wireless ad hoc networks (SWAN). IEEE Transactions
on Mobile Computing 1(3): 192-207.

Bianchi, G. (2000). Performance analysis of the IEEE 802.11 distributed coordination
function. IEEE Journal on Selected Areas in Communications 18(3): 535-547.

Chatzimisios, P.;Boucouvalas, A. C., et al. (2003). Influence of channel BER on IEEE 802.11
DCEF. Electronics Letters 39(23): 1687-9.

Chen, K.;Xue, Y., et al. (2004). Understanding bandwidth-delay product in mobile ad hoc
networks. Computer Communications 27(10): 923-934.

www.intechopen.com



Available Bandwidth Estimation and Prediction in Ad hoc Networks 83

Chen, L. and Heinzelman, W. B. (2005). QoS-aware routing based on bandwidth estimation
for mobile ad hoc networks. IEEE Journal on Selected Areas in Communications 23(3):
561-572.

Chen, L.;Low, S. H,, et al. (2005). Joint congestion control and media access control design
for ad hoc wireless networks. Proceedings of IEEE INFOCOM.

Daneshgaran, F.;Laddomada, M., et al. (2008). Unsaturated Throughput Analysis of IEEE
802.11 in Presence of Non Ideal Transmission Channel and Capture Effects. IEEE
Transactions on Wireless Communications 7(4): 1276-1286.

Dao, N. T. and Malaney, R. A. (2008). A New Markov Model for Non-Saturated 802.11
Networks. 5th IEEE Consumer Communications and Networking Conference (CCNC).

de Renesse, R.;Friderikos, V., et al. (2007). Cross-layer cooperation for accurate admission
control decisions in mobile ad hoc networks. IET Communications 1(4): 577-586.

de Renesse, R.;Ghassemian, M., et al. (2004). QoS enabled routing in mobile ad hoc networks.
Fifth IEE International Conference on 3G Mobile Communication Technologies (3G 2004)

Dovrolis, C;Ramanathan, P., et al. (2004). Packet-dispersion techniques and a capacity-
estimation methodology. IEEE/ACM Transaction on Networking 12(6): 963-977.

Ergen, M. and Varaiya, P. (2005). Throughput analysis and admission control for IEEE
802.11a. Mobile Network Applications 10(5): 705-716.

Ergen, M. and Varaiya, P. (to appear). Throughput analysis and admission control in IEEE
802.11a. ACM-Kluwer Mobile Networks and Applications, Special Issue on WLAN
Optimization at the MAC and Network Levels.

Gao, Y.;Chiu, D.-M,, et al. (2006). Determining the end-to-end throughput capacity in multi-
hop networks: methodology and applications. Proceedings of ACM SIGMETRICS.

Gupta, R.;Musacchio, J., et al. (2007). Sufficient rate constraints for QoS flows in ad-hoc
networks. Ad Hoc Networks 5(4): 429-443.

Hoang, V. D.;Shao, Z., et al. (2006). A New solution to Estimate the available Bandwidth in
MANETs. IEEE 63rd Vehicular Technology Conference (VTC 2006-Spring).

Hu, N. and Steenkiste, P. (2003). Evaluation and characterization of available bandwidth
probing techniques. IEEE Journal on Selected Areas in Communications 21(6): 879-894.

Jae-Yong, Y. and JongWon, K. (2007). Maximum End-to-End Throughput of Chain-Topology
Wireless Multi-Hop Networks. Proceedings of IEEE WCNC.

Jain, M. and Dovrolis, C. (2003). End-to-end available bandwidth: measurement
methodology, dynamics, and relation with TCP throughput. IEEE/ACM
Transactions on Networking 11(4): 537-549.

Johnsson, A.Melander, B., et al. (2005). Bandwidth Measurement in Wireless Network.
Sweden, Malardalen University.

Kapoor, R.;Chen, L.-J., et al. (2004). Capprobe: A simple and accurate capacity estimation
technique. Proc. of ACM SIGCOMM.

Kuan, C. and Dimyati, K. (2006). Analysis of collision probabilities for saturated IEEE 802.11
MAC protocol. Electronics Letters 42(19).

Kumar, A.;Altman, E., et al. (2007). New insights from a fixed-point analysis of single cell
IEEE 802.11 WLANSs. IEEE/ACM Transaction on Networking 15(3): 588-601.

Kun, W_Fan, Y., et al. (2007). Modeling path capacity in multi-hop IEEE 802.11 networks for
QoS services. IEEE Transactions on Wireless Communications 6(2): 738-749.

Lakshminarayanan, K.Padmanabhan, V. N., et al. (2004). Bandwidth estimation in
broadband access networks. Proceedings of the 4th ACM SIGCOMM conference on
Internet measurement (IMC), Taormina, Sicily, Italy, ACM.

Lao, L.;Dovrolis, C., et al. (2006). The probe gap model can underestimate the available
bandwidth of multihop paths. SIGCOMM Computer Communication Review 36(5): 29-34.

www.intechopen.com



84 Mobile Ad-Hoc Networks: Protocol Design

Li, Y.;Qiu, L., et al. (2008). Predictable performance optimization for wireless networks.
Proceedings of the ACM SIGCOMM 2008 conference on Data communication
(SIGCOMM), Seattle, WA, USA, ACM.

Malone, D.;Dufty, K., et al. (2007). Modeling the 802.11 Distributed Coordination Function in
Nonsaturated Heterogeneous Conditions. IEEE/ACM Transactions on Networking
15(1): 159-172.

Melander, B.;Bjorkman, M., et al. (2000). A new end-to-end probing and analysis method for
estimating bandwidth bottlenecks. Proceedings of IEEE GLOBECOM.

Nafaa, A. (2007). Provisioning of multimedia services in 802.11-based networks: facts and
challenges. IEEE Wireless Communications 14(5): 106-112.

Perkins, C. E.;Royer, E. M., et al. (2001). Ad hoc on-demand distance vector (AODV) routing.

Qiao, D.;Choi, S., et al. (2002). Goodput analysis and link adaptation for IEEE 802.11a
wireless LANs. IEEE Transactions on Mobile Computing 1(4): 278-292.

Qiu, L.;Zhang, Y., et al. (2007). A general model of wireless interference. Proceedings of ACM
Mobicom, Montral, Qubec, Canada, ACM.

Ribeiro, V. J,;Riedi, R. H., et al. (2003). PathChirp: efficient available bandwidth estimation
for network paths. Passive and Active Measurement Workshop.

Sanzgiri, K.;Chakeres, 1. D., et al. (2004). Determining intra-flow contention along multihop
paths in wireless networks. Proceedings of First International Conference on Broadband
Networks (BroadNets)

Sarr, C.;Chaudet, C., et al. (2008). Bandwidth Estimation for IEEE 802.11-Based Ad Hoc
Networks. IEEE Transactions on Mobile Computing 7(10): 1228-1241.

Strauss, J.;Katabi, D., et al. (2003). A measurement study of available bandwidth estimation
tools. Proceedings of the 3rd ACM SIGCOMM conference on Internet measurement
(IMC), Miami Beach, FL, USA, ACM.

Sun, T.;Chen, L.-J., et al. (2005). SenProbe: path capacity estimation in wireless sensor
networks. the third Intl. Workshop on Measurement, Modelling, and Performance
Analysis of Wireless Sensor Networks (SenMetrics).

Wu, H;Wang, X., et al. (2005). SoftMAC: layer 2.5 MAC for VoIP support in multi-hop
wireless networks. Second Annual IEEE Communications Society Conference on Sensor
and Ad Hoc Communications and Networks (SECON).

Xu, K,;Tang, K., et al. (2003). Adaptive bandwidth management and QoS provisioning in
large scale ad hoc networks. IEEE Military Communications Conference (MILCOM).

Yang, Y. and Kravets, R. (2005). Contention-aware admission control for ad hoc networks.
IEEE Transactions on Mobile Computing 4(4): 363-377.

Zhai, H.;Chen, X,, et al. (2005). How well can the IEEE 802.11 wireless LAN support quality
of service? IEEE Transactions on Wireless Communications 4(6): 3084-3094.

Zhai, H.;Chen, X, et al. (2006). A call admission and rate control scheme for multimedia
support over IEEE 802.11 wireless LANs. ACM Wireless Networks 12(4): 451-463.

Zhao, H.;Garcia-Palacios, E., et al. (2009). Accurate Available Bandwidth Estimation in IEEE
802.11-Based Ad Hoc Networks. Computer Communications 32(6): 1050-1057.

Zhao, H.;Wang, S., et al. (2009). Challenges to Estimate End-to-end Available Bandwidth in
IEEE 802.11-based Ad hoc Networks Proc. of 2009 IEEE Youth Conference on
Information, Computing and elecommunication Beijing, China

Zhao, H.;Wang, S., et al. (2010). Modeling Intra-Flow Contention Problem in Wireless Multi-
hop Networks. IEEE Communications Letters 14(1): 18-20.

Zhou, H;Wang, Y., et al. (2006). Difficulties in Estimating Available Bandwidth. Proc. of
IEEE International Conference on Communications (ICC).

www.intechopen.com



Mobile Ad-Hoc Networks: Protocol Design
Edited by Prof. Xin Wang

NETWOR

PROTOCOL DESIG
i

Q;'un-, Iian‘ﬂ.‘:r' :

ISBN 978-953-307-402-3

Hard cover, 656 pages

Publisher InTech

Published online 30, January, 2011
Published in print edition January, 2011

Being infrastructure-less and without central administration control, wireless ad-hoc networking is playing a
more and more important role in extending the coverage of traditional wireless infrastructure (cellular
networks, wireless LAN, etc). This book includes state-of-the-art techniques and solutions for wireless ad-hoc
networks. It focuses on the following topics in ad-hoc networks: quality-of-service and video communication,
routing protocol and cross-layer design. A few interesting problems about security and delay-tolerant networks
are also discussed. This book is targeted to provide network engineers and researchers with design guidelines
for large scale wireless ad hoc networks.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

Haitao Zhao, Jibo Wei, Shan Wang and Yong Xi (2011). Available Bandwidth Estimation and Prediction in Ad
hoc Networks, Mobile Ad-Hoc Networks: Protocol Design, Prof. Xin Wang (Ed.), ISBN: 978-953-307-402-3,
InTech, Available from: http://www.intechopen.com/books/mobile-ad-hoc-networks-protocol-design/available-
bandwidth-estimation-and-prediction-in-ad-hoc-networks

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia FE EBMIERFEK6SS LiEEPrREB ARG DA 4058 TT
Phone: +385 (51) 770 447 Phone: +86-21-62489820

Fax: +385 (51) 686 166 Fax: +86-21-62489821

www.intechopen.com



© 2011 The Author(s). Licensee IntechOpen. This chapter is distributed
under the terms of the Creative Commons Attribution-NonCommercial-
ShareAlike-3.0 License, which permits use, distribution and reproduction for
non-commercial purposes, provided the original is properly cited and

derivative works building on this content are distributed under the same
license.




