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Abstract

As wireless networks become more widely used, there is aiggoweed to support
advanced services, such as multimedia streaming and veécdR® Traditional approaches
to guarantee quality of service (Qo0S) work well only with ¢ictable channel and net-
work access. In wireless mobile networks, where conditayreamically change as nodes
move about the network, a stateless, high level approadyisned. Since shared wireless
resources are easily over-utilized, the load in the netwoust be controlled so that an
acceptable QoS for real-time applications can be mairdaifeminimum real-time re-
guirements are not met, these unusable packets waste $eardeidth and hinder other
traffic, compounding the problem. To enable high QoS for dihated traffic, we pro-
pose the Perceptive Admission Control (PAC) protocol. PAGhitors the wireless chan-
nel and dynamically adapts admission control decisionsédble high network utilization
while preventing congestion. Through discussion, sinmugtand testbed experiments, we
demonstrate that PAC ensures low packet loss and delayl fdiraitted flows.
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1 Introduction

Wireless devices are becoming prevalent because of théty &b provide mobile
networking. Since many common applications, includingcecand multimedia,
require low packet loss and delay, quality of service (QeS)n important require-
ment for these networks. In contrast to traditional wiretivoeks, mobile networks
operate under harsh conditions that include a shared w&elennel, limited band-
width, and mobility.

Traditional attempts to provide guaranteed QoS [1] are lenbcope with con-
stantly changing wireless network conditions. Similahgyd real-time QoS con-
straints in wireless mobile networks are unrealistic beeaaf shared medium ac-
cess and mobility. Solutions that provide a stateless serand offer better than
best-effort packet delivery for high priority packets, s DiffServ [2] and IEEE
802.11e [3], are more successful. Unfortunately, thesdisols may fail to provide
the low loss and delay that real-time applications requditbe network becomes
congested.

QoS for high priority flows is achievable without fully coondted channel and
network access. The wireless channel must be kept from ireatie congestion
point since loss and delay increase rapidly once this psirgached. Keeping the
utilization below the congestion point is difficult becaube channel is shared
between nodes that may not be able to communicate directly.

To control the amount of traffic in the network and providethggality service to

all admitted traffic, we introduce the Perceptive Admisstamtrol (PAC) protocol.

PAC ensures that the network does not admit a flow that wilseatongestion.
To make an admission decision, sources consider not onlynited area within

their transmission range, but the entire region that a nemidlzansmissions will

impact. We show that with a proper carrier signal detectammge, the time that
the wireless channel is sensed as busy is a good estimate oftitization and

available bandwidth. Using this measure, PAC performs asliom control for new
flows to avoid admitting flows that would cause congestiorr.dscussion focuses
on single hop admission control.

The rest of this paper is organized as follows. Section 2iges/background on
wireless transmissions, including methods for deterngitie available bandwidth
and previous approaches for providing high packet deliseylow delay in wire-
less networks. In Section 3 we describe PAC, our approacadinission control.
We present the performance of PAC in simulation (Sectiondégcribe how it
avoids the shortcomings of previous approaches (Sectipang) discuss experi-
mental results from tests performed using our Mica2 motdempntation (Sec-

* The research discussed in this articale was performed vamil€hakeres was a graduate
student at University of California, Santa Barbara.
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Fig. 1. Approximation of wireless communication rangesecsfically, the
reception range (RxR) and carrier sensing range (CSR). Naaéin RxR
are called neighbors (N), while carrier sensing neighb@f&) are all nodes
within CSR.

tion 6). Section 7 presents our conclusions.

2 Background

To perform admission control in wireless networks, it is orant to understand
how a wireless transmission impacts other nodes in dig&tbwireless networks.
In this section, we describe the important distances fokgtatransmission and
reception. We then examine several methods for calculdtirgavailable band-
width, since admission control decisions depend on aceesttmation of the avail-
able bandwidth. We also elaborate on the effect of a lessHu@tistic propagation
model including fading and multipath. We then discuss eslatork and why most
proposed solutions are insufficient. Subsequently, wertesthe solution most
closely related to our approach.

2.1 Impacted Area

There are a number of important ranges for wireless comnmatiait. Each of these
is important for MAC layer protocol operation, measurenwdhannel utilization
and prediction of available bandwidth, as well as other \g® mechanisms in-
cluding perceptive behaviors [4]. At short range, we asstiraenodes are capable
of direct communication. We refer to the maximum separabietween a sender
and receiver for successful packet reception as the recegnge (RxR), shown in
Figure 1. Nodes within RxR of a particular sender are calteiisaneighbors (N).

Nodes that are within carrier sensing range (CSR) of a seratedetect packet
transmissions. These nodes are called its carrier sensighgbors (CSN). All CSN

are able to detect a transmission but they will not be ablestmde the contents
of the packet if they are outside RxR. The relationship betwthe RXxR and CSR



Fig. 2. The receiver interference distance (RID) is theatlisé between a re-
ceiver (R) and another sender (X), such that the receivesgacessfully re-
ceive node S’s packets and node X can simultaneously serakatpa another
receiver.

is defined by the physical layer encoding (PHY), and is oftemfigurable to en-
courage or discourage spatial reuse. The CSR is typicalshrtarger (two to four
times larger) than the RxR to avoid collisions.

In wireless MAC protocols based on CSMA, such as IEEE 80251 hapd IEEE
802.15.4 [6], the CSN of the sender are not allowed to itgpacket transmission
while another node is transmitting because they sense #gmnehis busy. In CSMA
networks, a large CSR prevents multiple transmissions Bionultaneously occur-
ring close together and helps avoid interference at rereie contrast, a smaller
CSR allows for more spatial reuse, though more collisiorts iaterference may
occur.

For correct packet reception, the channel surrounding @wecmust be free of
multiple interfering transmissions. If another node cltsthe receiver transmits a
packet, it may interfere with an ongoing packet receptioenéaf the two senders
are outside each others’ CSR. To quantify this effect, wendefe receiver inter-
ference distance (RID) as the distance between a receidaarasther sender, such
that this receiver’s ability to decode a packet from its snd not affected. For
example, in Figure 2, if node X is outside node R’s RID, nodeaX transmit at the
same time as node S without affecting packets received bg Rddom node S. If
node X is inside node R’s RID and transmits a packet at the sengeas node S,
node R is unable to successfully receive the packet from Sodecause the two
packet transmissions collide. In both cases, node X is raftipited from trans-
mitting because node S is outside node X’'s CSR, and it cammsesan ongoing
transmission between nodes S and R.

The exact size of the RID depends on many factors, includargsmission power,
minimum reception power, propagation model, and hardwaptuce capabilities.
In Figure 2, note that the CSR (dashed line) is larger thaiRtbe(dotted line) and
the RID is larger than the RxR (solid line). These line styldsbe used throughout



the PAC discussion to denote the different ranges.

In the transmitter, the RxR and CSR depend on the charaaterded the wireless
physical layer transmission protocol. A physical layensmaission protocol can be
engineered to create a specific RxR and CSR. For example BB BD2.11 [5],
multiple physical layer encoding schemes exist, such a£I1B&.11b [7], and
IEEE 802.119g [8]. The CSR for all data rates is the same, wh#eRxR shrinks
as the data rate rises. However, CSR will always be much aréaan RxR. At
the receiver, the ability to receive or detect a transmisdiepends on the sender’s
physical layer encoding, the propagation model and theivexcsensitivity. The
propagation model defines the loss in power a transmissoumsras it travels from
the transmitter to the receiver. The receiver sensitiatpased on the receivers’
ability to decipher a transmission or detect a carrier digitee receiver will not be
able to decode or detect a packet if the received signal sc¢tothe noise level. In
most CSMA protocols, including IEEE 802.11, the signal poateRxR and CSR
are well above the noise level, so noise does not significanpact these ranges.

For two simultaneous transmissions to be successfullyveddy different re-
ceivers, the transmitting nodes must be separated in spheedistance between
two senders that ensures proper packet reception at a eeesiRzR + RID.
This distance holds for all possible network scenarios andidcbe considered the
worse-case scenario. At any distance smaller tRaR + RI D, it is possible that
the transmissions of two senders will interfere with a reees’ ability to properly
decode a packet.

The communication distances and related thresholds thescabove are for net-
works where all nodes use omnidirectional antennas andrtridipackets with the
same transmission power on the same channel. We also assuafistacles and
that only simple fading occurs. In Section 2.3 we explore aenm@@mplex propa-
gation model. We do not look at relaxation of the other asgiong here.

211 MAC Layer Acknowledgments

Acknowledgments (ACKs) are used in many MAC layer protocsigh as IEEE
802.11 [5], to immediately inform the sender that succdsshicast packet re-
ception has occurred. If an ACK is not received, the sendérratransmit the

packet multiple times. The Data-ACK mechanism is used tolairpacket loss at
the MAC layer caused by collisions and errors introducedigireless channel.
Generally, carrier sensing is not performed by the recexier to sending an ACK.

The channel state is not checked at this time because csenemng might silence
a receiver. If the receiver is silenced, it would prevenisraission of the ACK and
require the sender to retransmit the packet. Retransmisdithe packet, in turn,
would waste wireless resources and increase delay.



Fig. 3. This figure shows the spacing requirement for simmeibais
transmissions in wireless networks that utilize MAC layekreowledgments.

When receivers do not perform carrier sensing prior to sendn ACK, they must
be separated by RID to ensure that no collision occurs. ktipe of network,
the separate sets of data and ACK transmissions should eofapyv If they do
overlap, the data transmissions and ACKs will cause a amfljsvhich will result

in unsuccessful packet reception.

Given that the two receivers are separated by RID and eaclesegceiver pair is
separated by RxR, the distance between two senders forssfictsimultaneous
transmissions is

2x ReR+ RID Q)

A network topology illustrating this distance is shown irg&ie 3. In this worst-
case scenario, if the two senders are closer thaRx R + RID and the transmis-
sions overlap in time, the data and ACK pairs will collide aamunication will
suffer.

2.2 Determining the Available Bandwidth

The goal of our work is to allow nodes to depend on their edtonaf the available
bandwidth to make correct admission control decisionshibidection, we examine
several methods to determine the available bandwidth.

The most common way to calculate available bandwidih,(;) is to measure net-
work utilization (U). Given the network utilization and tmeaximum bandwidth
(Bmae), the available bandwidth is estimated using the followeggation [9]:

Bavail - (1 - U) * Bmtw (2)

There are many techniques to measure the network utilizaBome metrics of
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Fig. 4. An example of the channel state versus time. At difietimes a node
may either be idle, sensing a packet transmission (CS)jviegea packet
(RX) or sending a packet (TX). In window 1, the channel is bbsaif the
time. In window 2, the channel is busy nearly 100%.

network utilization are queue length, MAC layer congestiandow, number of
collisions, delay, and channel busy time. The queue lendC layer conges-
tion window, and number of collisions provide little or ndermation regarding
network utilization if the network is not congested. For rexde, packets will not
be queued unless the network is in a congested state, sSo caalest accurately
measure current utilization using these methods. Sincettigee techniques are
not adequate for determining the available bandwidth, waoez only the two
remaining techniques, delay and channel busy time, in metaald

Delay is one of the most widely used metrics for determiniveglable bandwidth.
In general, approaches to measure this metric inject prablegts into the network
that solicit responses from another node. The other node rigteirns either the
packets or a measurement from the packets received. Whilg astvanced probing
techniques exist, they present a number of problems (a casopaf many of these
techniques may be found in [9]). The primary disadvantagerobing delay as a
measure of available bandwidth is overhead since bandwadtbarce in wireless
networks. Additionally, probing provides only an instamaus value; the probe
must be repeated several times to create an average valigh mvhurn further
increases overhead. Also, since probes are an active neeasolr technique, the
probes may not be able to determine an accurate value if plaslssoccurs. Losses
thus reduce the quality of the measurement. Finally, sinakipg is performed be-
tween each pair of nodes, measurements from probe messagd®msignificantly
different between different node pairs. These measuresvarthighly dependent
on many factors including the two nodes’ spatial locatiod #re network load.

The second technique for determining network utilizatical)ed busy time, is a
direct measure of channel utilization. In wireless netwpeknode can detect three
states: transmitting, receiving, and busy. If the nodealsicarrier signal, it senses
that the channel is busy, and it is only able to decode andveetiee packet con-
tents if the packet is transmitted by a node within RxR. By suei@g the amount
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Fig. 5. Network topology for utilization metric testing aadailable
bandwidth calculation.

of time the channel is sensed as busy (CS), receiving (RX@mdliag (TX), a node
can measure not only transmissions that occur within its,RxiRalso those within
its CSR. By measuring the portion of time the medium is busya@e can estimate
the current utilization. We define the busy time to be thd totee within an interval
that a node is transmitting packets, receiving packetsensiag packet transmis-
sions. For example, in Figure 4, the channel is busy halfithe in window 1. In
window 2, the channel is nearly always busy.

Network simulations were performed in order to demonstita¢eability to deter-
mine the available bandwidth using the busy time measurerteiE 802.11 [5]
was the PHY and MAC layer protocol for the experiments. Thea date was set to
2 Mbps. A network consisting of three measurement nodeseansiender-receiver
pairs (Active Nodes) was created, as shown in Figure 5. Tietlese were chosen so
that the wireless channel usage could be stressed. Nodedllarmders were co-
located. Likewise, node 2 and all receivers were co-locptsiinside the RxR of
the senders. Node 3 was located just inside the CSR of alktidess. Each active
sender-receiver pair transmitted constant bit rate (CB&ji¢. The measurement
nodes were not the source or destination of any CBR traffrougitions with an
aggregate traffic load from zero to 2 Mbps were performedhEacde monitored
every packet it transmitted, received or sensed to caketiat busy time.

The busy time metric correctly measured the utilizationaitied from zero (fully
idle) to almost one (fully busy). In this scenario, the maximachievable through-
put (B,...) Was 1200 kbps, which is close to the theoretical value inBBB2.11
networks [10]. This maximum bandwidth was used, along vhthmeasured uti-
lization and Equation 2, to calculate the available banttwiBligure 6 shows the
network utilization and available bandwidth using the btisye measure for nodes
one through five. Only one line is visible in the graph becalideve nodes detected
the same utilization and calculated the same availableviiiial

With any measurement technique, it is common for instamtasealues to vary,
sometimes widely. For our approach, we utilize an equalligited sliding win-
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Fig. 6. Simulation results of the busy time measurementiecie.

dow to obtain the wireless utilization. Through testing, determined a window
size that was large enough to obtain an accurate estimatsraall enough to
quickly adjust to changing traffic conditions. An alternateighting technique,
such as a weighted average that favors recent measuremmaytgrovide a good
estimation of utilization and available bandwidth and guadlaptation to flows
entering and leaving the system.

In this section, we examined busy time as a way to determia@tilization. The
validation simulations were run using the two ray groundopgmtion model which
provides deterministic RxR and CSR. The two ray ground mduabetever, may not
realistically represent actual wireless transmissiopagation. For this reason, we
analyzed the effect of a more realistic propagation modsled the shadowing
model, presented in the next section.

2.3 Realistic Wireless Propagation

The shadowing model [11] in the NS-2 simulator represents signal propagat
more realistically than the two ray ground model. The shadguwnodel includes

path loss and multipath fading. Path loss reflects the dremimal power with dis-

tance and is defined by the path loss exponent. MultipathRateigh and Ricean)
fading is simulated using a log-normal random variable. ddmbination of these
two properties results in a probabilistic distribution @icket reception. For exam-
ple, two nodes are able to communicate with some probalailityfixed distance.

This varied communication distance is in contrast to the tayoground model,

where communication between two nodes is deterministegd@n their separa-
tion distance.

Using the shadowing model, the RxR varies probabilisycalith distance, as



Propagation Model| Path Loss Exponen‘ % Packets Receive4 RxR ‘

Two Ray Ground Free Space 100% 250m
Shadowing Free Space 99% 95m
Shadowing Free Space 95% 130m
Shadowing Free Space 90% 155m
Shadowing Free Space 80% 190m
Shadowing Free Space 70% 225m

Table 1. Reception range with various propagation modelrpaters.

shown in Table 1. For fixed receiver sensitivity and high ptiom probability, the
shadowing model results in a short effective range. For pigbability of reception
(greater than 90%) while utilizing the shadowing model, xR is much shorter
than the two ray ground model. If only nodes with a high prolitgiof reception

communicate, the RxR will be much shorter while utilizing shadowing model.

To examine the behavior of the shadowing model on the aveilzdndwidth cal-
culation, simulations similar to those in Section 2.2 wesdq@med. For these sim-
ulations, free space propagation is assumed. Higher pathexponents, such as
those for scenarios in urban areas, do not alter the factathadre realistic prop-
agation model does not significantly impact the ability toed@ine the available
bandwidth.

In these simulations, there were a few modifications to tiggral simulation sce-
nario exploring the busy time measure. In the new simulatitre receivers nodes
were placed 155m from the sources. This allowed the receasad Node 2 to re-
ceive 90% of the packets sent. Node 3 was placed 550m from Nolt@s location
is the same location as the previous experiment using thesyvground model. At
550m node 3 senses the carrier signal of more than 99% ofahsmissions. The
simulation results matched those shown in Figure 6 becdl#®anodes sensed
more than 99% of the transmissions. The closer a node is twesehe more pack-
ets it detects when using the realistic propagation modelil&ly, as the distance
between nodes increases, the ability to detect transmssdiecreases. This ability
to detect transmissions is exactly the behavior expectdd &ielps nodes correctly
calculate the available bandwidth. Overall, a more raalpbpagation model does
not negatively impact the ability to use carrier signal ssm$o calculate available
bandwidth. For this reason and to achieve deterministiaksition and analysis, we
utilized the two-ray ground in our simulations of PAC in Sent4.1.

2.4 Reated Work

The shared nature of the wireless channel presents a ofpaltenQoS protocols
that does not exist in wired networks. For this reason, Q@Bagthes that require
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MAC layer synchronization (i.e. TDMA) [12-15], network-g@ information dis-
semination [16-18] or reservations [19,1] do not work wellnnobile networks
where the network topology changes frequently. Similangasurement-based ad-
mission control protocols [20—22] cannot be applied diyesince they ignore the
impact of the wireless medium. PAC is a measurement-basedssidn control
protocol, and we define the requirements to properly medbkareurrent utilization
in wireless networks.

INSIGNIA [23] and SWAN [24] are both protocols that enableighhQoS by lim-
iting the traffic in the network. INSIGNIA uses in-band si¢jng by piggybacking
control information on data. This in-band signaling allolWSIGNIA to quickly
restore flow state when topology changes occur. In SWAN pieltraffic classes
and explicit congestion notification (ECN) help give prigrpackets better than
best effort QoS. The main drawback to both of these protosolkat they rely
on active probe messages to determine the current avablahtbwidth and ignore
many characteristics of wireless networks.

The Contention-aware Admission Control Protocol (CACF][B one strategy

that addresses admission control for wireless networkscandiders the shared
nature of the wireless channel. However, CACP has signifitaws and lacks

support for node mobility. CACP is described in detail in tiext section and qual-
itatively compared with our solution in Section 5.

Our admission control protocol, PAC, was designed spetifitabe used in wire-
less mobile networks. PAC considers the shared nature afitleéess channel and
the receiver’s reception requirements. In addition, itstatieless approach that does
not need network-wide synchronization or control messaggedination. Finally,
node mobility and its effect on the shared channel is alsertakto account.

2.4.1 Contention-aware Admission Control Protocol

The Contention-aware Admission Control Protocol (CACF][B one strategy

that addresses admission control for wireless networkscandiders the shared
nature of the wireless channel. CACP shares many charstatsrnwith our admis-

sion control strategy. To make an admission control decisic®CACP, each node
considers not only the resources of its immediate neighdmathbut also the re-
sources of all nodes within its CSR. CACP is contention-awarthat each node
passively monitors the amount of time the channel is sensbdsy. This busy time
includes the time a carrier signal is detected, as well aswahgacket is transmit-
ted or received. The available bandwidth is calculated kintathe inverse of the

current channel utilization, as described in Section 2.2.

CACP consists of two main operations: an admission con&oisibn that is per-
formed on a hop-by-hop basis, and a multihop routing prdt@&@=fore a new data

11



Fig. 7. This network presents a scenario where node S2, a C&bde S1,
cannot be reached via any multihop path.

flow is admitted, the available bandwidth must be checkedceésthe available
bandwidth calculation does not include all nodes that mayripacted by a new
flow, a query message must be sent to all nodes within CSRI €3N detect
enough available bandwidth, then the flow is admitted.

In making a single-hop admission control decision, CACRcdbss two methods
to query the available bandwidth at the CSN of a node prioiote 8dmission. The
first method is a multihop approach that floods query messageg a limited hop
count. The CACP authors acknowledge that this approactatgsemaccurately in
networks where a node within CSR is not reachable via any. pathexample, in
Figure 7, node S2 must be queried to see whether the new flolwecadmitted;
however, it cannot be reached because it is outside of tigagm range any node.
Using this query method, node S1 cannot ensure enough retveordwidth is
available at node S2.

In the second approach, a sender issues an available bahdwigry using a high
power packet transmission. Through the high power trarsanisall nodes within
CSR of the new sender are contacted. If any node that recigegiery does not
have enough available bandwidth to support the new flownidsa rejection mes-
sage which acts negative acknowledgment (nack), agaig adngh power packet
transmission. This query-nack procedure results in pobewer as the network
utilization increases.

To explain CACP’s single hop admission control decisionrapen, an example
is provided. Consider the network shown in Figure 8 and anitelintraffic flow

between nodes Z and Y that consumes half the network barfuwitie network
state is shown in Table 2 attime T1. Only nodes X, Y and Z détectiow; node W
does not detect the communication between Z and Y since titsde of the mea-
surement range. Later, node W wants to introduce a new tfafficrequiring 25%

of the bandwidth. Node W checks its available bandwidth aisda¥ers enough
bandwidth is available. Node W then sends a query messadjenimdas inside its
CSR, i.e. nodes X and Y, using a high powered message. Botlal X aheck their

available bandwidth measurement. Since enough bandvsdikailable, they do

12



<  Admitted Flow
=>  Pending Flow

CSR

Fig. 8. CACP single-hop admission control example.

| Tmemode|| w | x [ v | z |
1 100% | 50% | 50% | 50%
2 75% | 25% | 25% | 50%

Table 2. CACP available bandwidth estimation.

not send a rejection message to node W. After a timeout, no@deMmits the new
traffic flow. After a short time the available bandwidth measoent of each node
adjusts to the newly admitted traffic, shown as time T2 in@&blLater, node W has
another flow to admit. This flow requires 50% of the bandwititbhde W checks its
available bandwidth measurement and enough bandwidthaitable, so node W
sends a query message. Nodes X and Y receive the query aridthbeavailable
bandwidth. Enough bandwidth is not available, so they betidsa rejection mes-
sage to node W. When node W receives a rejection message itioan eode X
or Y, the pending admission request is denied.

Though we do not focus on multihop networks in this work, wewdtd mention that
CACP includes a multihop routing protocol that determirnesldandwidth required
for a new data flow at each hop along a path. The amount of baltldnequired

at each node is a function of the number of neighbors on the wihin CSR of

the node. By requiring the available bandwidth to be largeugh to support the
local transmission of the flow and all other retransmissiofithe same flow in its
neighborhood, enough bandwidth for the complete path igreds A similar pro-

tocol may be used to extend PAC to multiple hops [26]. For aitbet description
of CACP’s multihop routing protocol, please refer to [25].

Though CACP works well in some networks, there are multipbfems with the

protocol. Most importantly, CACP control packet losseslléaerroneous admis-
sion decisions, and the frequency of this event is direalyedated with the net-
work load. Second, CACP does not have any mobility supporachieve accept-
able performance in a mobile network, CACP reserves expaaity and leverages
the routing protocol. Also, since each node relies on exgimgnmessages with
its CSN to determine whether enough bandwidth is availabtejility support is

prohibitively expensive. Finally, in CACP, conservatiwhassion decisions lead to

13



lower aggregate network throughput by prohibiting someptable spatial reuse.

3 Perceptive Admission Control Operation

To maintain a high QoS for traffic in wireless mobile netwgnk® introduce the
Perceptive Admission Control (PAC) protocol. The core ifbe@ur admission con-
trol algorithm is to allow nodes to depend on their own estiomof the available
bandwidth to make correct admission decisions. We charegeatige of the avail-
able bandwidth calculation to include all possible interfg sources. By including
all nearby transmissions, admission control decisiona@cemplished without the
need to communicate with any other nodes.

3.1 Available Bandwidth Calculation and Admission Control

We alter the sensing range so that transmissions are sehsedistance large
enough to enable correct local admission decisions. As shioviéection 2.1, the
distance between two senders (using CSMA with ACKSs) to awoiglpossible re-
ceiver interference i3« Rz R+ RID. By changing the sensing measurement range
to be at least the distan@ex RxR + RID, each node can itself make admission
control decisions. At any distance greater tham?z R+ RI D, two ongoing trans-
missions will not interfere with packet receptidnsTherefore, when a node has to
make an admission control decision, its PAC-based availabhdwidth measure-
ment is sufficient to make the correct decision. If the atd@ddandwidth is more
than the bandwidth required by the new flow, then the new flanbsaadmitted.

After a new flow is admitted, the flow immediately begins canswg network

bandwidth. Since the available bandwidth calculation isticmously updated, it
takes the newly admitted traffic into consideration for fetadmission control de-
cisions. Similarly, when a flow stops, the increase in aégi®andwidth is quickly
incorporated into the network utilization measurementtsd bther flows can be
admitted.

For example, in Figure 9, assume there is an admitted tradfic lletween nodes
Z and Y that consumes half the network bandwidth. The cumetwork state is
shown in Table 3 at time T1. Since node Z is within RxR + RID of nodes W,

X and Y, all nodes estimate the available bandwidth to be 3986le W wants to

1 Using a PAC sensing range df+ RxR + RID will discourage spatial reuse, though
since the MAC layer CSR is unmodified some spatial reuse mayrotising a shorter
PAC sensing range could increase spatial reuse, but it ralgbtresult in persistent colli-
sions and congestion. The tradeoff between protocol dmess and higher performance
by allowing more spatial reuse is not examined in this paper.
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<€ Admitted Flow
=>  Pending Flow

2*RxR+RID

Fig. 9. PAC single-hop admission control example.

| Tmemode|| w | x [ v [ z |
1 50% | 50% | 50% | 50%
T2 25% | 25% | 25% | 25%

Table 3. PAC available bandwidth estimation.

introduce a new traffic flow requiring 25% of the maximum barditv. Node W
checks its available bandwidth and determines that enoagtvadth is available.
Hence it admits the new traffic flow. After a short time, showrtiane T2 in Ta-
ble 3, the available bandwidth measurement of each nodstadquincorporate the
newly admitted traffic. Later, node W has another flow to admtits flow requires
50% of the bandwidth. Node W checks its available bandwiddasnrement and
determines that there is not enough bandwidth availablacél@ode W does not
admit the traffic flow. In contrast to CACP, PAC is able to detiere the correct
available bandwidth without requiring any inter-node coamication.

In wireless CSMA networks, throughput drops once the ndtvimcomes con-
gested [10]. To prevent the channel congestion, PAC ensbatshe quantity of
admitted traffic is below the network saturation point byergsig a small portion
of the bandwidth. We call this amount the reserved bandwithle reserved band-
width is also useful to detect changes in the available batttiwlue to mobility.

To admit a new flow, the required bandwidth,(,) for the new flow must meet the
following condition: B, — Brsw > B,eq- The inclusion of the reserved bandwidth
prevents the channel from becoming congested and allowdlitted traffic to re-
ceive high delivery rates and low delay. The amount of resgtbandwidth can be
varied based on the conditions of the channel, but for theqse of our experi-
ments the reserved bandwidth is fixed. There is a tradeofideri the amount of
bandwidth reserved and the aggregate throughput attaibgddmitted flows.

15



e ' o0 " 20 0@ '
... -A\ -A\ ‘ ... ... ‘\ ‘\ ‘\ ) " "
77(a) Before movement. T (b) ‘After movement.

Fig. 10. In this example network, two flows are admitted @ésmpact range
of each other. As the two sources get closer to each othentlilenterfere.
To maintain a high QoS, the sources must throttle or rejauiestwaffic.

3.2 Mohbility

When a node and its traffic flows move within a wireless netywibr& area impacted
by its traffic changes with the node’s location. Therefares important to not only
admit flows, but also to throttle or reject them as networkditbons change.

The following example illustrates the importance of deteing whether the net-
work is close to over-utilization. In Figure 10(a), suppbtse flows, each consum-
ing more than half of the maximum bandwidth, are admittedoalers far enough
apart that each participating node pair is outside the CSRebther. Later, as
shown in Figure 10(b), if the nodes participating in the retnflows move into
interference range of each other, the network will beconerated since it is not
possible to support the two flows simultaneously. Using R&&&h source can de-
tect the ensuing network congestion when another sendersate PAC measure-
ment range, and then each source can notify its applicatotfisottle or stop their
traffic flows. In the example, if both flows are allowed to cong at their present
transmission rate, neither flow will receive the high QoSeassary.

Therefore, to handle mobility, each source monitors thelaa bandwidth. If

a source has an ongoing packet flow and the available bartdwrdps below a
threshold value 8,,;,) when a packet is to be sent, then the flow source should
throttle or stop the flow. After a random backoff time, a seuvath a throttled

or rejected flow can attempt to increase or re-admit the ¢réti. By using this
method, admitted flows backoff and the network remains inranangested state.
For this study, we assume all flows require a minimum leveleo¥ise such that
the flow cannot be throttled. Therefore, PAC rejects flows/mdacongestion when
the available bandwidth drops below a threshold value.

To avoid throttling multiple flows in response to mobilitydiuced congestion, some

randomness should be introduced. Throttling multiple flediscouraged because
often only one flow must be throttled to avoid congestion.dtarimplementation,
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each source checks only the state of the available bandaftitha random time
and when it has a packet to send. If the channel is congestttsatime, this
source throttles or stops the flow. Since the random timeolarge compared to
the window size, it is unlikely that two sources will sense tihannel and detect
congestion before the available bandwidth calculatioomatically adjusts.

3.3 Multihop Routing

The PAC admission decision can be utilized to create muyitiloaites during reac-
tive route discovery in wireless multihop networks by chegkhe required band-
width at each hop [26]. However, calculating the bandwiituired at intermedi-
ate nodes along multihop paths is difficult.

This difficulty arises from the fact that a wireless transsius impacts all nodes
within CSR, but nodes can only effectively communicate witldes inside RxR.
To coordinate with nodes inside CSR, but perhaps outside, R#ier measures
must be used, such as [27] and [25].

In addition to finding a multihop path that can support a floneguired bandwidth,
congestion due to mobility should be monitored and detedtéaen congestion
is detected, the source must be notified so that it can tarottkeject its traffic.
Congestion detection may be performed continuously, geratly, or on-demand.

4 Simulation-based Evaluation

In this section, we demonstrate that PAC controls flow adioms® avoid conges-
tion and maintain a high QoS for all admitted flows. We presanulation results
that show PAC performs admission control efficiently aneeiiely.

4.1 Smulation Environment

To evaluate PAC, we used the NS-2 simulator [11]. Our singtarameters are
listed in Table 4. We used IEEE 802.11 as the MAC layer prdtdeacket was
considered receivable if its reception power was aboveestiunid value, called the
reception power threshold?(X;...s»). Likewise, if a packet was received and its
power was above the carrier sensing power thresh©lg(..s.), the channel was
sensed busy during the packet transmission. Given a tHteghloe, transmission
power and propagation model, a specific maximum distangegitket reception or
detection was determined [28]. For our simulations, th@agation model was two
ray ground and no obstacles were considered. We utilizedstiiiple propagation
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Parameter Value ‘ ‘ Parameter Value

Simulator NS-2 Queue Size 50 packets
Propagation Model Two Ray Ground Data Packet Size 512 bytes
Antenna Omni Directional CBR Data Rate 128 kbps
MAC Protocol IEEE 802.11 Packets per second 31.25
Transmission Power 30mw Network Area 1000m x 1000m
Frequency 2.4GHz Mobility Model Random Waypoint
MAC Layer Data Rate 2 Mbps Speed 0-5ml/s
Reception Range 250m Pause Time 20s
Carrier Sensing Range 550m Number of nodes 50
Capture Factor 10.0 Simulation Time 200s
Receiver Interference Distance 440m Number of Runs 10

Table 4. Simulation parameters.

model instead of a more realistic propagation model to endélerministic ranges
and simplify analysis. This propagation model results ikRRf 250m and a MAC

layer carrier sensing range (CSR) of 550m. This MAC layer @88s allow some
spatial reuse to take place in the simulations.

The reception power threshold, propagation model, anducagactor must be
known to determine the RID. The capture factor defines thermim power ra-
tio between the received power of two packets such that tblegpavith the higher
power can be received successfully. The capture factorasdware specific value;
for our simulations, we used 10.0. To further explain thewaition of RID, we
provide the following example: Given a packet received Wit minimum recep-
tion power RX;,.s») and a second packet that is transmitted simultaneousdy, th
received signal strength of the second packet must be laagtN ..., /10.0 for
the first packet to be successfully received. Otherwisg¢heepacket can be de-
coded by the receiver. Given our simulation parameterggifsender and receiver
were separated by RxR, another sender must be at least 44®ni@vits transmis-
sion to be able to take place simultaneously. ThereforeRtBewas 440m for our
simulations; at this distance, the received power of anaéeder was guaranteed
to be less thatl X;;es,/10.0.

With a RxR of 250m, a RID of 440m, and IEEE 802.11, the sensamge for
PAC was 940m, as calculated by Equation 1. Given the promagatodel and
other simulation parameters, we calculated the minimumggon power threshold
at this distance [28]. In our simulations, if a packet wasiesd with a power
above this threshold value, the packet was considered iav&able bandwidth
calculation. The carrier sensing mechanism for the MAC ddghaved as if the
minimum reception threshold was not modified. If the carsensing mechanism
were changed, the collision avoidance attributes, spatisle [29-31] and medium
access [32] would be affected.
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PAC Sensing Range 940 m
Busy Time Window Size 250 ms
Baax 1200 kbps
Brsy 240 kbps
Bmin 120 kbps
Tretry 1to 2 seconds
Thackof f 1 to 2 seconds

Table 5. PAC parameters.

Table 5 lists the parameter values used by PAC in our sinomstiTo perform
the available bandwidth calculation, a maximum effectiamdwidth (,,..) of
1200 kbps was assumed. We determined this value experiliyeantd it is close to
the analytical value derived in [10]. We reserved 20% (24pshlof the maximum
bandwidth to avoid congestion, allow for temporary flucioaé, and detect mobil-
ity before congestion. The same reserved bandwidth was dis@oly simulation
of CACP. In PAC, if the detected available bandwidth droppetbw 120 kbps
(10% of the maximum bandwidth), we assumed over-utilizatvas imminent. We
utilized a sliding window to calculate the PAC-based avdddandwidth. The size
of the window was 250 ms. We found this window size sufficierquickly adjust
the available bandwidth according to the usage of admittestl but still a large
enough time scale to avoid overreacting to a short burst cfgia. In our simula-
tions, the backoff time between flow admission attemptg dlivev rejection was
between 1 and 2 seconds. The time interval between congestiection checks
was also between 1 and 2 seconds. The simulation resultstbles® values were
adequate; no two flows were rejected in response to any ilmneo@gestion event.
Optimization of the backoff and detection intervals are fief future work.

4.2 Local Admission Control Performance

In our experiments, we studied networks where the sendereamailver are always
within range of each other to emphasize the effect of the ssion control de-
cision. Under these conditions no routing protocol was ededhere were 25
sender-receiver pairs and every five seconds another sstadied sending traffic.
Therefore, after 125 seconds of simulation time, all sesndere active. The traffic
was modeled as a CBR flow with 512-byte packets at a rate of B28. K his traffic

model represents a multimedia flow.

A summary of the results is presented in Table 6. Without adion control, all
25 sender-receiver pairs became active transmitters. &dithission control, only
12 were admitted. By limiting the traffic in the network, PAGdCACP kept the
network from becoming congested. By avoiding congestitinagmitted traffic
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Admission Number of Packet Packets Average Utilization Standard Deviation of Packetg

Control Protocol Flows Admitted Losses Delivered Delay (s) (% busy) Received Per Second Per Flo
None 25 26778 | 81825 | 0.973 97% 6.10
PAC 12 0 58173 | 0.005 80% 0.79
CACP 12 0 51182 | 0.004 78% 0.75

Table 6. Overall admission control performance results.
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Fig. 11. Throughput of a single representative receivenia particular simu-
lation run.

received a high packet delivery ratio (nearly 100%) and l@lag Without ad-
mission control, significant packet loss and delay occudwel to congestion and
gueue overflow. Notice that the number of packets deliveidd®AC enabled was
approximately 20% lower than the number of packets deld/ar¢hout admission
control. This directly relates to the bandwidth reserveddtected congestion, as
presented in Table 5. By decreasify,,, more aggregate throughput would be
available for admitted traffic, but more flows would be thiexttor rejected as nodes
move around the network.

In addition to packet loss and delay, Table 6 shows the stdrakviation of pack-

ets received per second per source while all admitted separeeactive. Note that
a single flow transmitted approximately 30 packets per stcbhe standard de-
viation without admission control was very large and eacl fieceived markedly

different QoS. With admission control the standard deoratvas low, indicating

all admitted flows received a high QoS.

Figure 11(a) shows the number of packets successfullywvedgier second for a
single receiver during one simulation. In this graph, adioiscontrol was not used.
The graph illustrates that, as the simulation progressddare sources became
active, the channel became congested. After 80 secondseelahe throughput for
this receiver decreased significantly due to congestioa8atseconds, the sending
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Fig. 12. Delay of a single representative receiver in on&éqadar
simulation run.

node gained an unfair advantage in channel access and #ieareagain experi-
enced acceptable throughput. The short-term unfairnessvisll known behavior
in IEEE 802.11 [33]. Unfair channel access resulted in aespikthroughput as
gueued packets were delivered. In addition to experiendegraded throughput
for most of the simulation, the delay experienced by reckpackets was often
unacceptable for real-time multimedia applications. FégLR(a) presents the delay
for the received packets without admission control. Oneectrannel became con-
gested, the delay value increased sharply. The delay exped was particularly
high since all packets traversed only a single hop from tliecgoto destination.

In contrast to the poor performance without admission @AC enabled admit-
ted sessions to experience a consistently high QoS. Fidbg 4hows the number
of packets received per second for the same receiver asumeFid.(a). Similarly,
Figure 12(a) shows the delay for the same receiver with PA@s& figures show
that traffic throughput for this session was nearly constatit PAC. In addition,
the delay was extremely small and constant. Note that tlierdifce in the scale
of the y-axis between Figures 12(a) and 12(b) is two ordemhadnitude. The
short packet delay, consistent packet delivery rate, awdplacket loss statistics
demonstrate that PAC can be used for networks to sustahtineakraffic applica-
tions, such as voice or multimedia. The results displayethis particular flow are
characteristic of other flows in the simulation.

In addition to the throughput and delay experienced by aleifigw, the perfor-
mance experienced by all flows is important. Figure 13 shbepacket receptions
per second for all traffic flows with and without PAC; each waidtline represents
the start of a new flow. In Figure 13(a), we see that withoutiadion control each
flow experienced notably different throughput. In contrasth PAC, each admitted
flow experienced nearly the same throughput, as shown inr&it8(b). This was
possible because PAC limits the number of admitted flows.
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Fig. 13. Throughput for all flows

In terms of delay and throughput for admitted flows, CACP genfs similarly to
PAC, as shown in Table 6. One difference was the number ofgtaaelivered.
Since CACP has more messaging overhead for every admissisiah attempt, a
part of the bandwidth was consumed by overhead that woukhetke be available
for data packet delivery.

In the random network topologies simulated, CACP performedl. There are
several network topologies and conditions where CACP pedamproperly or
is overly conservative. We discuss these issues in the retibs.

To summarize the results of these simulations, PAC was abbeirtimize packet
loss and delay using admission control to ensure the chaihelot become con-
gested. Further, the bandwidth was fairly shared betwdemalitted flows. With-

out PAC, the channel was susceptible to congestion, regutilarge packet loss
and delay.

5 Qualitative Comparison

Although CACP performs well in some cases, the protocol hasymveaknesses.
In this section, we present general scenarios where therpeathce of CACP de-
grades and describe how these scenarios are addressed.in PAC

5.1 Control Packet Losses and Erroneous Admission Decisions

Although CACP performs well in some cases, the protocol hasymveaknesses.
The most important weakness of CACP is that it may errongadihit new flows
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Fig. 14. In this scenario, the likelihood of an erroneous i@gdian decision in
CACP is proportional to the load induced by node S1.

when the network load is high. Prior to the admission of a new,fICACP per-
forms a local available bandwidth check. If enough locallatée bandwidth ex-
ists, the sender broadcasts a query to all of its CSN. If rextigin packet is received
within a short period of time, the new flow is admitted. Theamte on a rejection
message, which is essentially a negative acknowledgmesntlts in a poor default
failure condition. For example, if a query or rejection naggsis lost (i.e. due to
collision), the sender may make an incorrect admissiorsd&tby admitting more
traffic than the channel can accommodate. Additionall\¢esiquery and rejection
messages are sent using high power, the probability ofsamtliis correlated with
the utilization in the area around its CSN.

Consider the network shown in Figure 14. Node S2 is a sendeisthttempting to
admit a new flow. Node S1 is currently transmitting to node &hce node S1 is
outside the CSR of node S2, it sends packets without regatidstate of node S2.
Similarly, because node S2 is outside the CSR of node Slsotsdnds packets
without regard for node S1. Given this network, the probghihat a query packet
from node S2 collides with a data transmission at node Rlréxtlly proportional
to the amount of traffic node S1 is sending to node R1.

To further investigate this behavior, we performed a setratifations. In the sim-
ulations, the network was configured as shown in Figure 14thedCBR traffic

rate from node S1 to node R1 was varied from zero to 2 Mbps, #eémum data
rate. Node S2 attempted to admit a new traffic flow that requsrébps, which

was more bandwidth than was available. Therefore, in theaago, the new flow
should never be admitted. Figure 15 illustrates that as the fhite from node S1
to node R1 increased, the frequency at which node S2 errshyeadmitted new
flows also increased. Each data point represents an averd@eadmission deci-
sion attempts. When the channel was highly loaded, CACPstlatoays wrongly
admitted the new traffic flow. This faulty admission contretision occurred be-
cause of the reliance on a rejection message from a CSN dilminguery-reject
mechanism.

In this example network, PAC’s available bandwidth measemt would include
node S1’s traffic and no message exchange would be requirez BAC's avail-
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Fig. 15. CACP erroneous admission control decision as loa@ases.

able bandwidth measure considers all senders that migimpacited by the addi-
tion of a new traffic flow, PAC ensures that the correct adraissiecision is made.

5.2 Lack of Mobility Support

CACP does not address node mobility. To achieve acceptalermance in mo-
bile networks, CACP depends on two mechanisms: conseevaservation of net-
work capacity and route errors. CACP reserves extra cap@git,) to allow some
flows to move within range of each other without causing neétveongestion.

If B, is insufficient, or if the network becomes congested for aason, CACP
relies on the routing protocol to generate a route erroresine routing protocol be-
lieves a neighbor has moved and the link to that neighborwsbroken. In CACP,
link breaks are detected by the inability to transmit a ustipeacket to its next hop.
If congestion occurs, a packet fails to be sent to its nextdrmapthe routing proto-
col issues a route error. The route error removes the route\antually causes the
source to re-initiate the admission control procedure. U$e of a route break to
indicate congestion is undesirable because it requireshiduenel to become highly
congested and packet loss to occur before the error messggpearated. Note that
by the time the routing protocol generates the error messhg&oS has already
degraded significantly.

To handle mobility, PAC detects the onset of congestion byitodng the avail-
able bandwidth. In PAC, when a source detects that congeistiabout to ensue,
it throttles or stops enough of its admitted data flows to éwvatwork congestion.
This approach is not feasible in CACP since it would be toceespre to proac-
tively monitor the available bandwidth. In CACP, handlingllity would require
many periodic message exchanges at high power, and wheretieri load is
high, CACP would make an incorrect measurement with a higbatility.
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Fig. 16. CACP queries all CSN to check whether there is en@wglilable
bandwidth to support a new flow. This may result in an area up#@'SR
being queried.

5.3 Spatial Reuse

Another issue addressed by PAC is spatial reuse. In CACédasurement range
considered by the admission control query-reject messaggde as large asx
CSR in dense networks, as shown in Figure 16. Initially, the sewhecks the
available bandwidth within its CSR. Then the source quedllass CSN, which are
at most the distance of CSR away. The CSN check the availapl@tidth within
their CSR. This range, indicated in Figure 16, is larger thaaded to make the
correct admission decision. The minimum distance betwe@nsimultaneously
transmitting sources to prevent receiver interferended® + RID (or 2« RxR +
RID, in CSMA networks that utilize ACKs). Therefore, in a netw@s shown in
Figure 3, if a node exists inside the CSR of both sources (taded region), CACP
will not allow two simultaneous flows to be admitted if eachwiloonsumes more
than half of the network bandwidth. In contrast to CACP, PAGves both flows to
be admitted, resulting in twice the aggregate network thinguit.

6 Experimental Evaluation

In this section, we present our PAC implementation and tlpeemental results
from a simple scenario. In order to experimentally evallB&€, the MAC layer
sensing information must be exposed for monitoring. To ,daté/ one mass pro-
duced hardware platform provides this information, thekBkry/Crossbow mote.
Therefore, we implemented PAC on the mote platform. In tisé oéthis section,
we discuss the mote hardware, mote sensing capabilitieshendiiny OS PAC
implementation.

The Berkeley Mica2 mote consists of a 7.38MHz Atmel 128 npcocessor with a

2 Crossbow Inc. Mica2 Sensor Platform. http://www.xbow.éom
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Fig. 17. Mote network scenario for experimental tests.

4KB EEPROM, 128KB program flash memory and 512KB flash data omgrior
wireless communication, a CC1000adio operates at 914MHz. In addition to the
processing/radio unit, a sensor board capable of mongdigit, sound, motion,
and temperature is attached.

Tiny OS* is the operating system for the mote platform. Tiny OS presidore
code to access most of the capabilities of the mote and sboaad. Of importance
to our application,a CSMA MAC layer and a simple interfacéh®received signal
strength indicator (RSSI) are available. A high RSSI intisahat a nearby node
is transmitting. The RSSI is used by the MAC layer to perfoarrier sensing and
avoid collisions.

PAC requires that each node sense transmissions at a raagea$tRx R+ RI1D.

To ensure this property held for our experiments, the MACatayas modified

to reduce theRx R. By only accepting packets with a RSSI value above a certain
threshold a shorRRxzR was ensured. Limiting thé&zR allowed the sensing re-
quirements for PAC to be met. Since motes excel at captueaghy packets [34]
the RID is also short. The proper RSSI threshold value to ensure $8€kising
requirements was experimentally determined and well ablzvaoise floor.

To calculate the available bandwidth using the motes, eace monitored the
status of the wireless channel using the MAC state (i.e strafting, receiving,
busy, or idle) and the measured RSSI during each byte conuatuon interval.
To accommodate the limited processing capabilities of tloées) the number of
idle intervals was counted at a rate of 2400Hz over each gusaecond window
(slot). Several of these measurements were then averagegdausioving weighted
average. This utilization information was then used touake the available band-
width. With the available bandwidth calculation, each nddermined whether a
new flow could be supported by the network without interfgnvith any on-going
flows.

3 Chipcon CC1000. http://www.chipcon.com/.
4 University of California, Berkeley. Tiny OS. http://wwinyos.net/.
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Fig. 18. Mote experimental results.

6.1 Mote Experiments

To explore the effectiveness of PAC, a simple applicati@nacio was emulated.
Three nodes were all located withitw R + RID of each other. Nodes X and Y
were sensor nodes and were separated by moreithahbut less than th&x R +
RID, as shown in Figure 17. Both nodes X and Y monitored their oploone
sensor and, upon detecting an interesting sound, attenpteansmit the sound
data stream in real-time to node Z. Since the bandwidth remeént of a sound
data stream flow was approximately 80% of the maximum achlevaandwidth,
two simultaneous flows to node Z could not be supported ingtemario. When
both nodes X and Y transmitted their streams at the same signa@ficant packet
loss occurred, preventing either flow from being useful tdend. To enable a high
QoS for admitted flows, PAC was used by nodes X and Y to perfatmission
control prior to transmitting a packet flow to node Z. If theagable bandwidth
was too low, a node did not admit its data flow.

During the experiment, node X detected a sound from time28aintil slot 45 (5
seconds). From time slot 65 to 105, node Y detected a sousd, Auring slots 85
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to 105 node X detected a sound. Without admission contréh bodes X and Y

transmitted during slots 85 to 105. This simultaneous trassion of both flows

resulted in significant packet loss since neither sendddcaathieve the required
throughput of approximately ten packets per slot, as showngure 18(a). Since
node Z received approximately half of the packets genetatedch stream, neither
stream was able to be reconstructed and the sound data wasd#id.

When PAC was utilized in the same experiments, the sourasskel their avail-
able bandwidth measurement prior to admitting a data stréagare 18(b) shows
the percentage of the bandwidth available at node Z duriadest scenario with
and without PAC. Since all nodes were withitx R + RID of each other, their
available bandwidth measurements were nearly the samemat25, the avail-
able bandwidth dropped below 20%. This drop was due to nodesuind data
flow transmissions that consumed more than 80% of the barnkwAdter node X
stopped transmitting, the available bandwidth again netdito 100%. When node Y
started transmitting at time 65, the available bandwid#éiragropped below 20%.

At time 85 node X attempted to admit its new data flow. Node Xkt that the
wireless channel could not support the new data stream #wecavailable band-
width was less than 20% and the new flow required more than G0frefore,

node X rejected the new flow’s admission request. This rejeaf admission for
the flow from node X allowed node Y to continue sending its dateode Z without

congestion and packet loss.

By rejecting node X’s new flow at time 85, congestion and tlseiteng packet loss
were avoided. By avoiding congestion and packet loss, nodegerly received
all node Y’s packets in a timely manner, as shown in Figurell&ince all of

node Y’s packets were received, node Z could reconstrucsdlied stream and
correctly process the data.

The mote implementation proves that PAC can be implementedffethe-shelf

hardware. We expect that given the ability to determine tB&Ron a slot-by-slot
basis, PAC can easily be developed on IEEE 802.11 [5] and I&EE15.4 [6]

hardware with little or no change to the sensing behavioe &kperimental re-
sults show that PAC can ensure high quality service in re@voris with realistic

propagation effects, such as multipath and fading.

7 Conclusion

Our Perceptive Admission Control protocol for use in wisslenobile networks

addresses two issues often overlooked by previous resedrated wireless band-
width and node mobility. PAC is able to correctly computeadkiailable bandwidth

by sensing all important nearby transmissions.
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In addition to the direct application of PAC, the utilizatioalculation is applicable
to an even wider set of problems. The available bandwidttutation can be used
in conjunction with an advanced packet dropping strategghss RED [35]. By

working with known TCP behavior, this packet dropping €ggtshould increase
overall performance and fairness in wireless networks exgmnode mobility.

Another opportunity for increased control in the availatdadwidth calculation is
the inclusion of received signal strength. Nodes can caleuhe available band-
width using various sensing ranges simultaneously. By @&xaq the available
bandwidth with various thresholds, nodes can determinanheunt of traffic and
approximate distance to those traffic sources. This usdgemation can be used
for admission control, congestion control, or to dynamjcatljust MAC layer pa-
rameters, such as CSR or transmit power.

Additional mechanisms that utilize carrier signal infotroa (such as perceptive
behaviors [4]) can be coupled with PAC to support additiovevork features. For
example, supporting bursty traffic sources, handling mpldtpriority traffic, and
calculating the contention count [27]. These and seveh@ratommunication and
coordination problems can be addressed using perceptinayioe.
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