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Abstract— Due to the hard bandwidth-constraints in wireless
ad hoc networks, maximization of achievable throughput is
the most important way of enhancing system performance.
Existing works have attempted to maximize system throughput
by increasing the number of concurrent packet transmissions
within the network using multiple radio channels or by using
power control techniques. The approach taken in this work is
based on the fact that the overall system throughput in an
ad hoc network comprising multiple multi-hop flows (IP data
paths) varies considerably with the direction and number of
hops involved in the flows. When multiple flows cross each
other, or are close enough, then packets belonging to those flows
contend with each other for channel access, thereby reducing the
overall system throughput. If these flows are properly scheduled
based on the number of hops involved or their direction of flow,
the overall system throughput can be significantly increased.
In this work, certain scheduling strategies are proposed and
evaluated that prioritize the different flows in the network and
aims to improve the overall system throughput. Simulation results
indicate that significant improvement can be achieved with the
proposed scheduling methods.

I. INTRODUCTION

During the past decade, there has been a tremendous
increase in the popularity of wireless networks. Currently,
wireless networks can be categorized into two types - infras-
tructured and infrastructreless. The immensely popular cellular
networks are of the first type where a mobile connects to the
nearest base station. Each base station may serve hundreds
of mobiles in a cell by allocating resources and providing
hand-off support. On the other hand, ad hoc networks, sensor
networks, and wirless LANSs belong to the second category and
do not have a fixed infrastructure as a backbone [10]. Since this
work focuses on throughput maximization of ad hoc networks,
the next section describes them in detail.

A. Ad Hoc Networks

An ad hoc network is formed by a cluster of wireless
terminals without the infrastructure of base stations. Based
on the range of their radio transceivers, two nodes (wireless
terminals) may communicate directly if they are close enough.
Otherwise, they communicate indirectly by having one or
more intermediate nodes relay their packets. Hence, a strong
requirement of such a network is that every node should have
the capability of forwarding packets for other nodes and thus
act as intermediate routers. The system becomes more complex
when mobility is introduced within the network. Such an ad
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hoc network comprising of mobile nodes is popularly called a
mobile ad hoc network (MANET). MANETS are suited for use
in situations where pre-deployment of network infrastructure
is difficult or unavailable. A few examples include: fleets in
oceans, battlefields, emergency search-and-rescue operations,
meetings or conventions in which persons wish to quickly
share information, and so on [8]. In many cases, ad hoc
networks are the only possible way of establishing temporary
communication, as there is no time to bring in and setup
the entire infrastructure that would be otherwise required. For
certain networks that are expected to be only temporary, it is
much more cost efficient to setup an ad hoc network, which
can be easily dismantled and reused, by simply relocating the
wireless terminals to new locations. In such scenarios, building
an entire new infrastructure would not only be more costly
but also, after the short lifetime of the network has expired it
would be much harder to reuse the infrastructure by relocating
to a new location. To stimulate research in ad hoc networks,
a working group called MANET [5] has been formed by the
Internet Engineering Task Force (IETF) .

B. Problems associated with ad hoc networks

Despite the long history of ad hoc networking that dates
back to 1972 with the DoD-sponsored Packet Radio Network
(PRNET), there are still quite a number of open problems. The
major ones relate to the issues of scalability, routing, media
access, energy-efficiency, QoS provision and security. Most
of these issues are interlinked and it is almost impossible to
provide optimized solutions for each of them simultaneously.
Hence, the research community has attempted to address these
problems separately. Providing solutions to these issues are
definitely not non-trivial as wireless ad hoc networks are
characterized by the following properties, which are the basis
for these problems.

« Distributed Control. There are no base stations for
network control, routing or administration.

o Wireless communication medium. All communication
occurs over the wireless medium that has, and will
continue to have, significantly lower capacity than their
wired counterpart. Moreover, due to effects of multiple
access, fading, noise, and interference conditions, the
realized throughput is often much less than a radio’s
maximum transmission rate.

¢ Limited communication resources. Resources like bat-
tery energy, bandwidth, processing capacity and memory
are strictly limited and must be wisely preserved.
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o Lack of dedicated routers. All nodes must act coop-
eratively to handle the functions of routing and media
access.

« Dynamic topology. This problem is related to the
MANET scenario where unpredictable topology changes
make frequent re-computation of routes necessary.

The bulk of ad hoc networking research has been devoted
to either routing or medium access control. Since this work
is closely related to the issue of medium access, a brief
discussion of the topic follows in the next section.

C. Medium Access Control (MAC) in ad hoc networks

MAC deals with the issue of accessing and using the shared
communication medium (radio spectrum) efficiently and re-
solving potential contention and collision among the nodes
that uses the medium. The dominant wireless media access
protocol is currently the IEEE 802.11 standard, which follows
the carrier sense multiple access with collision avoidance
(CSMA/CA) paradigm. The most important requirement of this
protocol is that for successful communication of two neigh-
boring nodes, all other nodes that are within the transmission
range of these nodes should not access the shared medium.
This implies that if multiple pairs of nodes lie within the
transmission range of each other and want to communicate,
only one pair should be allowed to do so. This reduces the
overall throughput of the system. Moreover, as the number of
such communicating pairs increases, there will be a further
degradation of network performance due to higher contention
/ collision. The motivation for the reported work arises from
such a scenario and is discussed in the next section.

D. Contributions of this paper

An ad hoc network comprising of multiple multi-hop flows
is considered where each node accesses the shared medium
using the IEEE 802.11 MAC protocol. When more than one
such flow cross each other, or are close enough, then packets
belonging to those flows contend with each other for channel
access, thereby reducing the overall system throughput. If
these flows can be properly scheduled based on their direction,
spatial coverage, and number of hops involved, the overall
system throughput can be increased. This is the approach taken
in this work. Certain scheduling policies are proposed and
evaluated that prioritize the different flows in the network and
aims to improve the overall system throughput.

The organization of the remaining text is as follows. Section
Il provides a review of the IEEE 802.11 MAC protocol. In
Section III some of the existing multiple access protocols for
throughput maximization are discussed. Topics include power
control based protocols, multiple channel based protocols and
a few others. Section IV presents the different scheduling
strategies employed in this work. Detailed simulation results
as well as analytical performance evaluations are provided
in Section V. Finally, Section VI concludes the paper with
directions for future work.
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II. REVIEW OF IEEE 802.11 MAC

The IEEE 802.11 MAC protocol [4] is the current standard
for wireless LANs and provides for both infrastructure mode
and ad hoc mode operation. It has been extensively used in
almost all test beds and simulations related to ad hoc network
research. It covers the MAC and physical layers and defines a
single MAC which interacts with different PHYs. Depending
on the specifications of the physical layer, there are separate
protocols viz 802.11a, 802.11b and 802.11g which collectively
form the IEEE 802.11 family of protocols. The 802.11b
standard, which transmits in an unlicensed radio spectrum at
2.4 GHz and has a data rate of 11 Mbps, is currently enjoying
the most widespread deployment.

The 802.11 MAC layer defines two access methods -
distributed coordination function (DCF) and point coordination
function (PCF). The DCF mode uses a carrier sense multiple
access with collision avoidance (CSMA/CA) scheme, whereas
the PCF mode is a polling based access method and uses a
point coordinator to determine which node has the right to
transmit during each contention-free period. The PCF mode
cannot be used in ad hoc networks and so we will limit our
discussion only to the DCF mode. We first define the terms
transmission range, carrier sensing range and carrier sensing
zone which are necessary for precise understanding of DCF.

o Transmission range: A node within the transmission
range of a sender node, can receive and correctly decode
packets from the sender node.

« Carrier sensing range: When a node is within the carrier
sensing range of a sender node, it can sense the sender’s
transmission. The carrier sensing range is typically larger
than the transmission range and is assumed to be twice
the transmission range in our simulations in Section V.

« Carrier sensing zone: This is the zone formed when the
transmission range is excluded from the carrier sensing
range. Nodes in the carrier sensing zone can sense a
transmission but may not be able to decode packets
correctly.

Figure 1 shows the transmission range, carrier sensing
range, and carrier sensing zone for the node S. When S
transmits a packet, nodes A and B being in the transmission
range of S can receive the packet as well as decode it correctly.
However, nodes X and Y being in the carrier sensing zone of
S, can only sense the transmission and may not be able to
decode the packet correctly.

A DCF

DCF allows for automatic medium sharing between the
nodes through the use of CSMA/CA and a random backoff
time following a busy medium condition [4]. In DCF, both
physical and virtual carrier sensing is used. The virtual carrier
sensing mechanism works as follows. When a node has a
DATA packet to send, and senses the channel to be idle
for a Distributed Interframe Space (DIFS) period, it starts of
by sending a RTS (Request To Send) control packet prior
to sending the data packet. The receiver, on receiving the
RTS waits for a short interval SIFS (Short Interframe Space)
and then replies back with a CTS (Clear To Send) control
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Fig. 1. Transmission Range, Carrier Sensing Range, and Carrier Sensing
Zone with respect to a source node S.

packet. On receiving the CTS, the sender waits for a SIFS
interval and sends the DATA packet. After the successful
reception of the DATA packet, the receiver responds back
with an acknowledgement (ACK) after a SIFS interval to
ascertain a successful data transfer operation. If an ACK is
not received by the sender, the data frame is presumed to
be lost, and a retransmission is rescheduled. The headers of
RTS, CTS and DATA packets include the expected duration of
time for which the channel will be in use. When other nodes
overhear these packets, they defer their transmission for the
duration specified in these packets. Each node maintains a
variable called Network Allocation Vector (NAV) that records
the duration of time a node must defer its transmission. The
virtual carrier sensing operation is illustrated in Figure 2.

SIFS SIFS
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; " /' Contention Windorw
Nodes in
Transmission Range NAV (CTS)
Defer Access 5 -
For
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Backoff After Defer
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Fig. 2. Operation of IEEE 802.11 DCF

Figure 2 shows how nodes in transmission range and the car-
rier sensing zone adjust their NAVs during RTS-CTS-DATA-
ACK transmission. The nodes in transmission range correctly
set their NAVs when receiving RTS or CTS. However, since
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nodes in the carrier sensing zone cannot decode the packet,
they do not know the duration of the packet transmission. To
prevent a collision with the ACK reception at the sender, nodes
in the carrier sensing zone set their NAVs for EIFS (Extended
Interframe Space) duration. The main purpose of EIFS is to
provide enough time for a source node to receive the ACK
frame, and hence the duration of EIFS is longer than that of
an ACK transmission. It is also to be noted that a node waits
for DIFS before transmitting RTS, but waits for SIFS before
sending CTS or ACK, which is shorter. So an ACK packet will
win the channel when contending with RTS or DATA packets.

1) Random backoff in DCF: Initially, when a node has a
packet to send, and senses the channel to be idle for a DIFS
period, it proceeds with the transmission. If the medium is
detected busy, it waits till the channel is idle for a DIFS
interval and then further waits for a random backoff period
before transmitting. The backoff timer counter decreases as
long as the channel is sensed idle, freezes as soon as the chan-
nel becomes busy and starts decreasing again if the channel
becomes idle for more than DIFS duration. As soon as the
backoff timer reaches zero, the node can start transmitting. The
backoff time is uniformly chosen from a Contention Window
having the range [0, CW], where CW is an integer within
the range of values determined by the PHY characteristics
CWmin and CWmax, CWmin < CW < CWmaz. With
each unsuccessful transmission, CW gets doubled till it reaches
CWmax and remains there till a successful transmission occurs
when its value is reset to CWmin.

III. PROPOSED METHODS FOR THROUGHPUT
MAXIMIZATION

Several approaches have been proposed to improve the
throughput of wireless ad hoc networks. This section provides
an overview of these approaches.

A. Power control based methods

The idea behind all power control schemes is to allow
the nodes to transmit at varying power levels. This improves
spatial reuse of the wireless channel and hence accounts for
increased system throughput. The idea is explained using
Figure 3a, where there is an ongoing communication from
node A to node B. The circles around the nodes represent their
transmission ranges. The communication between nodes C and
D cannot be granted because A’s signal will interfere with C's.
Similarly, communication between nodes F and E cannot be
granted because E is within A's transmission range. However,
as shown in Figure 3b, if each node’s transmit power level is
properly tuned, all communication pairs can coexist without
any interference. The idea is to have the sender transmit with
power just enough to reach the target node, so that the space
blocked by that particular transmission is minimized. Besides
spatial reuse, power control has another advantage - the battery
energy of the wireless nodes may be sustained for a longer
period.

A simple power control protocol has been proposed based
on an RTS-CTS handshake in the context of IEEE 802.11
[1], [3]. In this scheme, the RTS and CTS control packets
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Fig. 3. Transmission scenarios (a) without power control and (b) with power
control

are transmitted using the highest power level and, DATA and
ACK packets are transmitted using the minimum power level
necessary for the nodes to communicate. However, the main
goal of this scheme is energy saving rather than throughput
maximization. The PCMA (power controlled multiple access)
protocol proposed in [6], on the other hand, uses power control
as a mechanism for increasing channel efficiency rather than
for increasing battery life. It uses two channels, one for “busy
tones”, and the other for all other packets. While a node is
receiving a DATA packet, it periodically sends a busy tone.
The power level at which the busy tone is transmitted by a
node is equal to the maximum additional noise the node can
tolerate. Any node wishing to transmit a packet first waits
for a fixed duration (determined by the frequency with which
nodes transmit busy tones when receiving data), and senses the
channel for busy tones from other nodes. The signal strength
of busy tones received by a node is utilized to determine the
highest power level at which this node may transmit without
interfering with other on-going transmissions. As shown in [6],
PCMA improves the throughput performance by more than a
factor of 2 as compared to IEEE 802.11 protocol standard.

B. Use of Multiple channels

The use of multiple channels can enhance system through-
put, since, multiple transmissions can take place simultane-
ously in separate channels without interfering with each other.
Many studies have shown the benefit of using multiple chan-
nels. Two generic approaches — dynamic channel assignment
and modification of [EEE 802.11 DCF — are discussed here.

Reference [11] proposes the Dynamic Channel Assignment
(DCA) protocol that assigns channels dynamically, in an
on-demand style. In this protocol, one dedicated channel
is maintained for control messages, and other channels for
data. Each node has two transceivers, so that it can listen
on the control channel and the data channel simultaneously.
RTS/CTS packets are exchanged on the control channel, and
DATA packets are transmitted on the data channel. In RTS
packet, the sender includes suggested data channel information
according to the channel condition around itself. The receiver,
on receiving RTS, decides which channel to communicate and
includes the selected channel information in CTS packet. Then
DATA and ACK packets are exchanged on the agreed data
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802.11b 802.11a
Physical Layer DSSS with CCK | OFDM
Theoretical Capacity 11 Mbps 54 Mbps
Real Maximum Throughput | 6 Mbps 31 Mbps
Spectrum 2.4 GHz 5 GHz
Number of Channels 3 12
TABLE I

FEATURES OF IEEE 802.11 STANDARDS

channel. This protocol does not need synchronization and can
utilize multiple channels with little control message overhead.
However, it has two distinct disadvantages. First, it requires
that every node should be equipped with two transeivers.
Second, it does not perform well in an environment where the
number of available channels is less and all the channels have
equal bandwidth. The IEEE 802.11 standard provides such
an environment. It already has multiple channels available for
use, though its MAC protocol is designed for using a single
channel. Table I summarizes the features of IEEE 802.11a and
IEEE 802.11b standards. It can be seen from Table I that if the
DCA protocol is used for IEEE 802.11b devices, which has
3 channels, 33% of the total bandwidth is wasted as control
overhead.

Another multi-channel MAC protocol is proposed in [9] that
modifies IEEE 802.11 DCF and requires only one transceiver
for each node. The protocol uses ad hoc traffic indication
message (ATIM) windows as in power saving mode (PSM)
of IEEE 802.11 DCF [4]. The nodes in the network are
synchronized by beacons, and the channels are negotiated in
the ATIM window using ATIM messages. After the ATIM
window, nodes switch to their selected channel and exchange
messages on that channel for the rest of the beacon interval.
No separate control channel is necessary for this protocol and
hence bandwidth wastage due to control overhead is also less.

C. Other methods

Some other methods have also been proposed for increasing
system throughput. One such approach is to use directional
antennas instead of omnidirectional antennas [7]. Directional
antennas are able to transmit signal in one direction, so
that the nodes located in other directions can communicate
concurrently without interfering with each other.

IV. THROUGHPUT MAXIMIZATION BY SCHEDULING
END-TO-END FLOWS

In this Section, we describe our network model and present
the details of the proposed scheduling strategies.

A. Description of the Network Model

The Network model considered here consists of a rectan-
gular region of given dimensions (say L X I¥) as shown in
Figure 4. The region encloses a variable number of wireless
nodes (represented by little circles), which form an ad hoc
network. Each node is assumed to have a transmission range
of tsuch that ¢ < L. This ensures that a packet transmitted by
a node at one end of the region requires more than one hop
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to reach a destination node at the other end of the region. A
fixed number of nodes are placed uniformly in two rectangular
strips located at the two opposite ends of the region. Both of
these strips contain an equal number of nodes (say x). The
nodes in one of the strips are assumed to be source nodes that
can initiate a flow (explained in Section IV-B). Similarly, the x
nodes in the opposite strip are assumed to be destination nodes
(end points of flows). As shown in Figure 4, the source nodes
are numbered S;, 5%, S3,...5,, and the destination nodes are
numbered Dy, Ds, D3, ... D,. The inner rectangular region
between the two strips contains a variable number of nodes
that are responsible for routing of packets between source and
destination nodes. None of these intermediate nodes initiate a
flow. Hence, there can be at most x simultaneous flows in the
network.

Source Nodes Destination Nodes

s« @ ® | Dx
. o °
- ) " .
3 .
L]
° L]
=
. > .
. .
s3 ® ; ¢ e |D3
sz e ) ) e | D2
s1 [ ] : L] D1

L =

Fig. 4. Network Model. Source and Destination nodes are represented by
black circles

Before describing the scheduling strategies in detail, the
assumptions for this work are summarized below.

« Every node in the network accesses the shared commu-
nication channel by a MAC protocol similar to the IEEE
802.11 MAC protocol. In fact, the simulation results
presented in Section V-E are based on an implementation
of the IEEE 802.11 standard in the NS-2 simulator [2].

o All the nodes have the capability of forwarding packets
for other nodes.

« Path determination between a source-destination pair is
done by a shortest path algorithm.

« The nodes are static and their positions do not change for
the duration of a simulation run.

The next section describes the strategies employed to maxi-
mize the number of active flows or the total system throughput
in the network.

B. Proposed scheduling strategies
We first explain some of the key terms necessary for
understanding the proposed scheduling strategies.
« Flow. It refers to a complete path between a source-
destination pair that wish to communicate. In this work,
a flow is represented in the format (S, — D;) where S,
is the source node and Dy is the destination node.
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« Active Flow. It is a flow that is involved in data trans-
mission.

« Parallel flow. It is a flow such that the source node and
the destination node lie in the same relative position at the
two ends of the network. By same relative position it is
meant that the source and destination nodes have equal y
coordinates in a cartesian coordinate system having x-axis
and y-axis parallel to the length and width respectively of
the considered rectangular region. With respect to Figure
4, flows between the pairs (S — Dy), (S — Ds),
...(S; — D) represent parallel flows. Thus, a flow can
be considered a parallel flow if the subscript of source
and destination number are equal.

1) Flow scheduling by sorting of relative positional differ-
ences of source-destination pairs: In this scheme, the flows
are scheduled after sorting the differences between the relative
positions of all source-destination pairs. Following the source-
destination node numbering scheme discussed earlier, the
difference between the relative position of a source-destination
pair in a flow (S, — Dy) is simply the difference in their
subscripts.

Dif ference = |(a — b)|

It is to be noted that we consider the absolute value of the
difference here. The minimum possible difference is zero,
which implies a parallel flow and the maximum possible
difference is (x-1), which implies a flow between two nodes
located at the opposite corners of the network. After sorting,
the flows are assigned priorities, with the flow having the
minimum difference between the relative position of its source
and destination getting the highest priority. In case of two or
more flows having the same difference in the relative positions
of their source and destination, the priorities are assigned to
them randomly.

We now illustrate this scheduling policy with an example.
Consider a network with 10 source and destination nodes (z =
10). Assume that traffic exists for the flows (5 — Ds), (S2 —
D7), (Sg —* Dl[)), (S4 —¥ D4), (Sg, = Dg), (Sf, —¥ D5),
(S‘;' =2 Dg), (Sg — Dﬁ), {Sg =% Dg). and (Sl(] — Dl) The
following steps are executed in order.

o Computation of relative positional differences, which
yields the values 2, 5, 7,0, 3, 1, 1, 2, 0, and 9 respectively
for the above flows.

« Sorting the differences in ascending order yielding 0, 0,
1,1,2,2,3517,09.

« Assignment of priorities to the flows. Scheduling is done
based on the priorities of the flows.

The priority assignment for the above flows is shown in Table
II.

In Table II, a smaller number in the ‘Priority’ column
indicates a higher priority, with 1 and 10 being assigned to the
highest priority and lowest priority flows respectively. A higher
priority flow gets access to the shared medium in preference to
a lower priority flow. The logic behind this scheme can be ex-
plained with the help of Figure 5, which represents a schematic
diagram of the flows in Table L. In the absence of scheduling,
packets belonging to the different flows will compete with
each other for medium access. Thus, if flow (S19 — D1) wins
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Flow Difference between relative posi- | Priority Flow Difference between relative posi- | Priority
tions of source and destination tions of source and destination
(54 — D4) 0 1 (54 — D:L) 0 1
(SQ — Dq) 0 2 (59 — .Dg) 0 2
(Ss — Ds) 1 3 (Se — D5) -1 3
(S7— Dg) |1 4 (ST — Dg) |1 4
(5 —>D3) |2 5 (Ss — Dg) | -2 5
(Sg — Da) 2 6 (51 —r D;}) 2 6
(5 —D2) |3 7 (S5 — D2) | -3 7
(So—= D7) | 5 8 (So—= D7) | 5 8
(Ss — Dm) 7 9 (Sg —¥ D][)) 7 9
(Slu = Dl) 9 10 (Sm — Dl) -9 10

TABLE II
ASSIGNMENT OF PRIORITIES TO FLOWS BY SORTING THE DIFFERENCES IN
THE RELATIVE POSITIONS OF SOURCE-DESTINATION PAIRS

access to the medium, all the remaining flows will get affected
adversely and the overall system throughput will decrease
drastically. However, with scheduling, the high priority flows
(84 — Dy), (S9 —+ Dg), (S¢ = Ds), (S7 — Ds) and
(51 — Ds3) get access to the shared medium one after the
other and may exist simultaneously, thereby accounting for
a much higher system throughput. By prioritizing the flows
based on the difference in the relative positions of source and
destination, it is ensured that the flows affecting the minimum
spatial area gets preferential access to the shared medium.
It is to be noted however, that though the flows have been
represented by straight arrows in Figure 5, the actual routes
involving intermediate nodes may cover a much larger spatial
area depending on the positions of the intermediate nodes. The
simulation results for this scheme are presented in Section V-

&

Source Nodes Destination Nodes

510 D10
s9 () () Do
S8 () b8
s7 D7
S6 D6
SE () s
ne () b4
s3 D3
$2 D2

51© O D1

Fig. 5. Schematic diagram of 10 end-to-end flows. Only the source and
destination nodes, and not the intermediate nodes are shown.
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TABLE III
ASSIGNMENT OF PRIORITIES TO FLOWS IN CASE OF DIRECTIONAL
SORTING POLICY

2) Flow scheduling by Directional Sorting: This scheme is
a modified version of the previous scheme with the direction of
the flows also taken into account. While we were considering
only the magnitude of the differences in the previous case,
here the signs are also retained. The assignment of priorities
to flows follows the exact procedure as before with only one
variation. The variation occurs for flows having the same dif-
ference in the relative positions of source and destination, but
with different signs. Instead of randomly assigning priorities
to such flows, either the positive or the negative difference
is given a preference. It does not matter whether the positive
difference is given a priority or the negative difference, as
long as the same policy is maintained for all equal magnitude
differences. In our simulations, the negative differences were
given a priority over the positive differences. If both the
magnitude and sign of the difference for two flows is same,
the tie is again broken arbitrarily. Table III illustrates the
priority assignment of flows in case of directional sorting for
the sample flows considered in the previous subsection. On
comparing Tables II and III, it can be observed that only the
priorities for flows (Sg — Dg) and (57 — D3) have changed.

C. Flow scheduling based on sorting of hop counts of flows

In this scheme, the flows are scheduled by sorting the
number of hops associated with them. After sorting the hop-
counts in ascending order, the flows are assigned priorities as
in the previous two methods. The flows are then scheduled
in the order of their priorities. The idea behind this scheme
is based on the fact that a flow involving a larger number of
hops will cover a larger spatial area than a flow involving a
smaller number of hops. Since our aim is to prioritize flows
that cover a smaller spatial area, we adopt this technique. We
have simulated this scheme in both NS2 as well as our own
simulator. The results are presented in Sections V-C and V-E
respectively.

V. SIMULATION AND ANALYTICAL RESULTS

In this Section, the simulation results for the scheduling
strategies described in Section IV-B, as well as analytical per-
formance evaluations are presented. We have chosen number
of active flows as our performance evaluation metric, which is
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an indication of the system throughput. The simulations are
based on a graph model of the network topology where the
vertices of the graph represent the nodes (wireless terminals)
and the edges represent possible communication links between
the nodes. We assume error-free channels and hence if two
nodes are within the transmission range of each other, they
can communicate without channel errors. We further assume
that packets belonging to the same active flow do not contend
with each other for channel access. We simulate three network
models (see Section 4). Table IV provides details of the
parameters of the models. The transmission range and carrier
sensing range of the nodes are assumed to be 100m and
200m respectively for all the network models. These ranges
correspond roughly to those of IEEE 802.11b terminals.

The positions of the source and destination nodes were
kept fixed for all simulation runs. Their placement in the
rectangular strips is such that adjacent source (and adjacent
destination) nodes are apart by a distance that is greater than
the transmission range of the nodes. This ensures that, no
source or destination node can be part of a flow in which
it itself is not the source or destination. However, adjacent
source or destination nodes do lie in the carrier sensing
zone of one another, which implies that two adjacent source
nodes cannot have an active flow at the same time. Thus, the
maximum number of simultaneous active flows possible for
our simulation models is equal to half the number of source or
destination nodes. For each simulation run, the positions of the
intermediate nodes are generated from a uniform distribution,
and hence vary with each simulation run.

In Figures 6, 7, and 8, results from extensive simulations for
the three network models are shown. For models I and 1II, 10
source destination pairs are assigned whereas that for model
III are 20. For the random source-destination plot, each data
point is obtained by averaging the number of active flows for
800 simulation runs. On the other hand, the data points for
the parallel flows are obtained by averaging 1000 simulation
runs.

Plot of Number of aclive flows vs Node density

Random source destination (No scheduling) —
Al Parallel flows. —x

# of active flows
x

0 0.0005 0001 0.0015 0002

node density

Fig. 6. Total achievable active flows with varying node density for Model I

The reason for plotting these two cases is to get an
indication of the difference in system throughput between
the best scenario (all parallel flows) and an average scenario
(random flows). Our aim is to minimize this difference. All
the three figures show that when the node density is smaller
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Plot of Number of active flows vs Node density
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Fig. 7. Total achievable active flows with varying node density for Model II
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Fig. 8. Total achievable active flows with varying node density for Model

11

than about 0.0001nodes/m?, the number of active flows is
negligible. This is because, there are too few intermediate
nodes to form a route between any source-destination pair.
With the increase in node density, the number of active flows
increases as more routes are able to form between source-
destination pairs. The number of active flows for parallel flows
is significantly greater than that for random source-destination
pairs, for node densities above 0.00025n0des/m?. This is a
clear indication that flows involving larger spatial area degrade
system performance and hence the need for scheduling of
flows.

The plots for parallel flows asymptotically approach the
number of maximum achievable active flows for each model.
Maximum active flows are obtained when the flows take
near straight line paths. This is only possible when sufficient
intermediate nodes lie on or very close to the straight lines
joining source and destination nodes. The probability of such
a situation increases with node density and hence the nature of
these plots. On comparing Figures 6 and 8, it can be observed
that more number of active parallel flows are obtained for
model IIT than model I for same node densities, though
both models I and III have the same number of source and
destination nodes. This can be explained as follows. Model
III being half in width of model I, involves approximately
half the number of hops for each flow. A smaller number of
hops indicate a smaller number of intermediate nodes that can
be displaced from the straight line paths, which in turn implies
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Parameters Model I Model II Model IIT

Network area dimensions 1100m X 1100m | 1000mX2200m | 550mX1100m

Rectangular strip dimensions 50mX1100m 40m X 2200m 25mX1100m

# of source / destination nodes 10 20 10

Maximum possible Active Flows | 5 10 3

TABLE IV
SIMULATION MODEL PARAMETERS
a higher probability of straight line paths for the same node 1 2 3 —=i ¢ - 2
density. Sr O t O Dr
The difference in the number of active flows for parallel and 7

random case is much more pronounced for model II, where Q Q
the number of source and destination nodes is double that o o
of the other two models. This indicates that there is more
scope of improvement of system throughput when there are < v
more number of flows. Before presenting simulation results o o)
of our scheduling schemes, we first provide some analytical . —
results to evaluate the accuracy of our simulator. The analytical — o
performance evaluation is done for two cases. In the first 20|00 |0 |0 |0 | |0 |0o|0| o |0 D
case, we provide an analysis for a constrained network model, $1 04>k 0 |=0 =0 =0 l+0 =0 |01 =0bo D1

where the intermediate nodes are allowed to have only specific
positions. This makes the analysis relatively simpler. For the
second case, however, we remove this restriction and provide
the analysis for our general network model.

A. Analytical performance evaluation - Case |

We divide the inner rectangular region enclosing the inter-
mediate nodes into a grid of 7 rows and ¢ columns. The values
of r and ¢ are obtained by dividing the length and width
respectively of the rectangular region by ¢, the transmission
range of nodes. Thus, each box in the grid is a square of
side = . The last column or row of boxes might have side < ¢
in case the length or the breadth of the rectangular region
are not exact multiples of t. However, we proceed with our
analysis assuming all the boxes to be squares of equal size.
Let the total number of boxes thus obtained be N,. Since
the intermediate nodes are placed randomly with a uniform
distribution, the probability p of a node being present in a
particular box is given by

Fig. 9. Division of network area into a grid. Nodes are placed at the center
of boxes. If there is an active flow through row 1, row 2 cannot have an active
flow.

boxes. The probability of such a parallel flow is given by
P(parallel flow) = P" = P*, as P is independent for two or
more boxes. Now lets estimate the number of active flows for
this system. We start from row 1 and move upwards toward
row r. The probability of an active flow through row 1 (7) is
simply P’ as it is not influenced by any other active flow. The
probability of an active flow through row 2 (P»), is however
given by

Po=Px(1-P)=Px(1-P)=P -P? (3

This is because, an active flow through row 2 can only occur
if there is no active flow through row 1. In a similar manner,
the probability of active flows through rows 3, 4, ...r is given

by

p== (1) P = P'x(1-P)
N, = P'x(1-Px(1-P))
. f_ pi2 /3
Let the total number of intermediate nodes be N. The P - }I; 2 +PP
probability of no nodes being present in a particular box is 4 B P % E;’Q_ ‘}3),3 pr
(1 —p)", which means that the probability of existence of at - Bl
least one node in a particular box , Pis P’r P'x(1-Poy)

Pel-(1—pV =1—(1-—)¥ @

Ny

Now lets consider Figure 9, which represents our network
model after dividing it into grids.

It is assumed that whenever a node is placed in a box, it is
placed at the center of the box. Since the distance between the
centers of two consecutive boxes is equal to the transmission
range of the nodes, the presence of at least one node in every
box of a row guarantees a parallel flow through that row of
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Yise (=) x P+

The total number of active flows for this system can be
computed by simply adding the probabilities Py, P, Ps,
... P.. Thus,

Total no of active flows =P+ Po+ Py + ...+ P. (4)
r—1

=Y (1) x (r—i) x PG (5)
i=0
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The analytical estimates obtained from Equation 5 were
verified simulation results. In order to obtain a correspondence
with the analytical model, the randomly generated intermediate
nodes during the simulation runs were placed at the center of
the grids in which they happen to lie. Figure 10 shows the
plots obtained using Equation 5 and from simulation of the
network model I, with r = ¢ = 10 and N, = 100. The very
small difference between the two curves is a verification of
the accuracy of the analytical model . In the next subsection,
we remove the restriction of placing nodes at the center of
grid boxes and provide a more general analysis.

Plot of Number of parallel fiows vs Node density
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Fig. 10.  Comparison of Analytical and Simulation results when nodes are
placed at the center of grids.

B. Analytical performance evaluation - Case 11

In this section we attempt to find the average distance
between two nodes that are part of the same flow. That will
give us the average number of hops for an active flow, which
we can compare with our simulation results. Consider Figure
11, which shows half the area covered by the transmission
range of a node that is part of a flow. Our aim is to find the
distance of the next node that can be part of this flow.

The probability of a node lying in the elemental strip is
equal to dA/A, where dA is the area of the elemental strip,
and A is the area of the entire (rectangular) region. Thus,

dA
P(at least 1 node indA) =1— (1 — I)N

If the above equation is expanded using binomial expansion
and the second and higher order terms are neglected, we get

/12 —a2)dy
P(at least 1 node indA) = 2N x @Tf)dﬂ (6)
In Equation 6, ¢ is the transmission range of a node. The
probability of no nodes lying in the shaded area is equal to
(1—A,/A)N, where A, is the area of the shaded region and
is given by

A, = t? x arccos(z/t) — x x /(12 — 22)

The probability of selecting a node from the elemental strip
P(S), is the product of the probability of at least 1 node in the
strip and the probability of no nodes in the shaded area. This
gives
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Node

Fig. 11. Estimation of average distance of next node in flow

P(5) =5 x VP~ a7 x 0
(1 B 2 x arccos(z/t) — z x /(12 — $2))N .

A
The average distance of the selected node z,,,, can be
obtained by integrating Equation 8 over the semicircular region
shown in Figure 11. Thus,

By = % /{) V(#2 —2?) % (8)

t‘l 2 N
—o )) x xdz

By substituting = = ¢ cos ¢, Equation 9 can be rewritten as:

( t? x arccos(z/t) — = x
b A

/2 i
Beg = 2—Nt] cosfsin® 6 x (1 — M)N do
a 0 a
9)
where, a = A/t>
On expanding the term (1 — £=ce=0siné\N iy Equation 9,
and after further simplification, we arrive at the following
result:

o BES () () 0

=0 7=0
/2 gi~i cosi Tl fsind 2 0
| oo,
0 a

A closed form expression could not be obtained because
the integral produces a different result for each combination
of i and j. Thus, the only possible way to get .., is to
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use numerical integration. We used Simpson's Rule and the
obtained values for model I are shown in Figure 12. The
Figure actually plots the average number of hops, which is
obtained by dividing the distance between a source-destination
pair belonging to a parallel flow by 2.

Average number of hops for different node densities

25 T T
Simulation data —+
Analytical data ——-x--

20 +

Avg # of hops.
|
|
|
|
|

\ L s ' L
0.001 00012 00014 00016 00018 0.002

node density

L L ' L
00002 00004 00006 00008

Fig. 12. Comparison of Analytical and Simulation results for model I

C. Results with scheduling policies

In this section, we present the simulation results for the
three network models with the previously described scheduling
strategies enforced. Figures 13, 15, and 17 are for the three
network models respectively. It can be seen that the perfor-
mance of the three scheduling schemes is very similar. The
Directional sorting scheme performs slightly better than the
other schemes at high node densities for all the models. For
low node densities, the sorting on hop count scheme slightly
outperforms the other two schemes. This is more evident for
model [ where the length of the network area, and hence the
average number of hops per flow, is the greatest. When the
node density is low, fewer flows are able to form. Further,
these flows take non-linear curvy paths and, on an average,
involve a larger number of hops than when for higher densities.
In such a situation, a flow with a higher difference in the
relative position of its source and destination may actually
cover a smaller spatial area than that by a flow having a lower
difference. Thus, sorting on hop count proves more benefitial
than the other two methods. Figures 14, 16, and 18 show the
improvement achieved with the proposed scheduling methods.
The improvement is calculated as follows:

FHJS
Fwos

—F
Improvement = | = —*_——*%2

where, F,,, and F,,,, are the number of active flows with and
without scheduling, respectively.

It can be observed that though the number of active flows
increases with node density, no appreciable increase in im-
provement takes place with the increase in node density. Also,
as the number of source-destination pairs increases, a greater
overall improvement is achieved. Thus, model II with 20
source-destination pairs shows the highest improvement.

Throughput maximization in wireless networks by
scheduling end-to-end flows

Plot of Number of active flows vs Node density
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Fig. 13. Performance Comparison of different scheduling policies with no
scheduling for Simulation model 1

Plot of % Improvement vs Node density
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Fig. 14.  Percentage Improvement with different scheduling policies for

Simulation model I

Plot of Number of active flows vs Node density
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Fig. 15. Performance Comparison of different scheduling policies with no
scheduling for Simulation model II

D. Results for a multi-channel MAC protocol

We have also simulated a multi-channel MAC protocol
besides the proposed scheduling policies. The motivation for
using multiple channels arises from the fact that IEEE 802.11
standard already has multiple channels available for use.
IEEE 802.11b physical layer has 14 channels, 5MHz apart in
frequency. But to be totally non-overlapping and thus feasible
for use in the same region, the frequency spacing must be
at least 20MHz. So channels 1, 6, and 11 can be used for
simultaneous communication, and thus we have 3 channels
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Plot of % Improvement vs Node density
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Fig. 16.  Percentage Improvement with different scheduling policies for
Simulation model II

Plot of Number of active flows vs Node density
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Fig. 17.  Performance Comparison of different scheduling policies with no
scheduling for Simulation model 111
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Fig. 18.  Percentage Improvement with different scheduling policies for
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available for use (as shown in Table I). IEEE 802.11a provides
12 channels, 8 in the low part of the band for indoor use and
4 in the upper part for outdoor use. The IEEE MAC protocol,
however, is designed for sharing a single channel only. This
is because, each IEEE 802.11 host is equipped with only one
half-duplex transceiver. So, it can only transmit or listen on
one channel at a time.

The multi-channel MAC protocol simulated here is similar
to the one proposed in [9]. Every node maintains a list of
channels. A pair of nodes that wish to communicate chooses
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a channel from this list such that the chosen channel is not
being used by any other pair of communicating nodes in their
respective carrier-sensing zones. However, nodes belonging to
the same flow are exempt from this restriction because of
our intial assumption that packets belonging to the same flow
do not compete for channel access. For this simulation, the
restriction of separating adjacent source nodes or destination
nodes by distances greater than the transmission range of
nodes is removed. This is because, availability of multiple
channel ensures that adjacent flows can be active at the same
time. We use the simulation model I, with the difference that
instead of having 10 source-destination pairs, we now have 20
pairs. Figure 19 shows the results with 1, 3, and 5 channels.

Number of active flows vs Node densities for multiple channels
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Fig. 19. Total achievable number of active flows using multiple channels

E. Simulation in N5-2

This part of the simulation is done in NS-2 [2]. We use 2
Mbps for the channel bit rate and a packet size of 512 bytes.
Each flow in the network transmits CBR (Constant Bit Rate)
traffic. The transmission range of the nodes is 250/m which is
the default in NS-2. All simulation results are the average of
8 runs and each simulation runs for 40 seconds of simulation
time. We use a network model that is different from the three
models presented earlier. The model consists of a rectangular
region of 850m x 1300m, with 5 source and destination nodes
placed at the two sides of the network. We had to use a
different model because NS-2 gets over loaded for networks
having around 100 or more nodes. For these simulations we
use system throughput as our performance metric.

Figures 20 and 21 show the plots of overall system through-
put against node density for parallel flows as well as random
source-destination pairs, with packet arrival rates of 4 pkts/sec
and 8 pkts/sec respectively. It is observed, that a greater
arrival rate provides a greater opportunity for performance
enhancement. This can be explained as follows. We know
that when flows cross each other, packets contend for channel
access. A higher arrival rate causes a greater number of packets
to contend for channel access than for a lower arrival rate,
which results in more number of collisions and retransmis-
sions. Scheduling the flows in such a scenario can improve the
system performance significantly. This is observed in Figure
22, which shows the results when the sorting on hop count
scheme presented in Section IV-C is employed for an arrival
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rate of 8 pkts/sec. The plots show an improvement of upto
30% with the scheduling scheme.

Overall thraughput vs node density
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Fig. 20. Total system throughput with varying node density for arrival rate
= 4 pkts/sec
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Fig. 22.  Total system throughput with and without scheduling for arrival

rate = 8 pkts/sec

VI. CONCLUSION

In this work, we presented some strategies for schedul-
ing the flows in an ad hoc network in order to maximize
system throughput. We assumed that the nodes access the
shared communication medium using the IEEE 802.11 MAC
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protocol which is the de facto standard for wireless LANs.
The proposed schemes were evaluated for different network
models and the results show that significant improvement in
terms of number of active flows or system throughput can be
obtained by scheduling source destination pairs. We observed
that the scheduling schemes produce a greater improvement
under high load conditions, when a greater number of packets
compete for channel access, resulting in more collisions and
retransmissions. The choice of a particular scheme depends
on the network scenario. For example, in case of networks
having low node density and high average number of hops
per flow, the sorting on hop count scheme outperforms the
other schemes.

The directional sorting scheme can be implemented if the
angular displacement of consecutive nodes in a flow is known.
An enhancement of the routing algorithm so that it interacts
with location based services like GPS (Global Positionioning
System) can be used to determine the angular displacement.
Scheduling can also be used to improve system throughput
in mixed architectures comprising a centralized backbone as
well as an ad-hoc network. In such cases, the backbone can
act as a centralized scheduler that will have the information
for all the flows in the network and it can choose a particular
scheduling policy depending on the network scenario. Design
of such a scheduler is the scope of future work.
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