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Abstract

Cooperative Communication (CC) is a
technology that allows multiple nodes to
simultaneously transmit the same data. It can
save power and extend transmission coverage.
Most  existing  works on  cooperative
communications are focused on link-level
physical layer issues. Consequently, the impacts
of cooperative communications on network-level
upper layer issues, such as topology control,
routing and network capacity, are largely
ignored. In this article, we propose a Capacity-
Optimized Cooperative (COCO) topology control
scheme to improve the network capacity in
MANETS by jointly considering both upper layer
network capacity and physical layer cooperative
communications. Through simulations, we show
that physical layer cooperative communications
have significant impacts on the network capacity,
and the proposed topology control scheme can
substantially improve the network capacity in
MANETS with cooperative communications.
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1. Introduction
Data and voice communication systems play

increasingly important roles in the military,
government, and civilian sectors. Since the original
development of the Transmission Control Protocol
(TCP) and the Internet Protocol (IP) in the early
1970s, computer networks have advanced
significantly.  The simultaneous deregulation of
conventional telephone systems spurred a wide array
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of new telephony services The Concept of Co-
Operative networking [1], [2] captured its roots back
to the 1975s Where information theoretic studies
were first conducted in [3] [4]under the theme of
“Relaying Channels”. The demand for speed in
wireless networks is continuously increasing.
Recently, cooperative wireless communication has
received tremendous interests as an untapped means
for improving the performance of information
transmission operating over the ever-challenging
wireless medium. Cooperative communication has
emerged as a new dimension of diversity to emulate
the strategies designed for multiple antenna systems,
since a wireless mobile device may not be able to
support multiple transmit antennas due to size, cost,
or hardware limitations .By exploiting the broadcast
nature of the wireless channel, cooperative
communication allows single-antenna radios to
share their antennas to form a virtual antenna array,
and offers significant performance enhancements.
This promising technique has been considered in the
IEEE 802.16j standard, and is expected to be
integrated into Third Generation Partnership Project
(3GPP) Long Term Evolution (LTE) multihop
cellular networks.

Although some works have been done on
cooperative communications, most existing works
are focused on link-level physical layer issues, such
as outage probability and outage capacity [3, 4].
Consequently, the impacts of cooperative
communications on network-level upper layer
issues, such as topology control, routing and
network capacity, are largely ignored. Indeed, most
of current works on wireless networks attempt to
create, adapt, and manage a network on a maze of
point-to-point noncooperative wireless links. Such
architectures can be seen as complex networks of
simple links. However, recent advances in
cooperative communications will offer a number of
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advantages in flexibility over traditional techniques.
Cooperation alleviates certain networking problems,
such as collision resolution and routing, and allows
for simpler networks of more complex links, rather
than complicated networks of simple links [5].

Therefore, many upper layer aspects of
cooperative communications merit further research,
e.g., the impacts on topology control and network
capacity, especially in mobile ad hoc networks
(MANETS), which can establish a dynamic network
without a fixed infrastructure. A node in MANETS
can function both as a network router for routing
packets from the other nodes and as a network host
for transmitting and receiving data. MANETS are
particularly useful when a reliable fixed or mobile
infrastructure is not available. Instant conferences
between notebook PC users, military applications,
emergency operations, and other secure-sensitive
operations are important applications of MANETS
due to their quick and easy deployment.

Due to the lack of centralized control,
MANETs nodes cooperate with each other to
achieve a common goal. The major activities
involved in self-organization are neighbor discovery,
topology organization, and topology reorganization.
Network topology describes the connectivity
information of the entire network, including the
nodes in the network and the connections between
them. Topology control is very important for the
overall performance of a MANET. For example, to
maintain reliable network connectivity, nodes in
MANETs may work at the maximum radio power,
which results in high nodal degree and long link
distance, but more interference is introduced into the
network and much less throughput per node can be
Obtained. Using topology control, a node carefully
selects a set of its neighbors to establish logical data
links and dynamically adjust its transmit power
accordingly, so as to achieve high throughput in the
network while keeping the energy consumption low
[6].In this article, considering both upper layer
network capacity and physical layer cooperative
communications, we study the topology control
issues in MANETS with cooperative
communications. We propose a Capacity-Optimized
Cooperative (COCO) topology control scheme to
improve the network capacity in MANETs by
jointly optimizing transmission mode selection,
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relay node selection, and interference control in
MANETs with cooperative = communications.
Through simulations, we show that physical layer
cooperative  communications have  significant
impacts on the network capacity, and the proposed
topology control scheme can substantially improve
the network capacity in MANETS with cooperative
communications.

Fig-1 MANET Transmission

The remainder of the article is structured
as follows. We introduce cooperative communica
tions and the topology control problem in MANETS.
Network capacity and the proposed COCO topology
control scheme are presented. We give the
simulation results and discussions. Finally, we
conclude this study.

2. MANETS with Cooperative

Communications

In this section, we first introduce
cooperative communications. Then the topology
control problem in MANETs with cooperative
communications is presented.

Cooperative Communications

Cooperative  communication  typically
refers to a system where users share and coordinate
their resources to enhance the information
transmission quality. Cooperative communications
allow single-antenna devices to work together to
exploit the spatial diversity and reap the benefits of
MIMO systems such as resistance to fading, high
throughput, low transmitted power, and resilient
networks [7]. In a simple cooperative wireless
network model with two hops, there is a source, a
destination, and several relay nodes.
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With  physical layer  cooperative
communications, there are three transmission
manners in MANETS: direct transmissions,
multihop transmissions and cooperative
transmissions. Direct transmissions and multi-hop
transmission can be regarded as special types of
cooperative transmissions. A direct transmission
utilizes no relays while a multi-hop transmission
does not combine signals at the destination. The
cooperative channel is a virtual multiple-input single
output (MISO) channel, where spatially distributed
nodes are coordinated to form a virtual antenna to
emulate multi antenna transceivers. Several
transmission methods are available to improve the
network capacity in MANET. They are
1. Traditional direct transmission
2. Multi hop transmission
3. Cooperative transmission

Most of the existing works on wireless
networks are point — point. Since only two nodes are
involved in the direct transmission, the interference
set of a direct transmission is the union of coverage
sets of the source node and the destination node.
Source node sends packets directly to destination
node but soon after the source node loses its whole
energy and stops transmitting the packets. The same
problem arises between another two nodes. So, now
the new transmission technique Cooperative
Communication has tremendous interest to
overcome the above mentioned problem. In
cooperative communication the source node
broadcasts its messages to the cooperative node in
the first slot. The cooperative node decodes and re-
encodes the signal from the source, and then
forwards it to the destination in the second slot.
With Cooperative Communication the capacity of
network is increased by considering both upper layer
and physical layer. With physical layer cooperative
communications, there are three transmission
manners in MANETS: direct transmissions (Fig. 2a),
multihop transmissions (Fig. 2b) and cooperative
transmissions (Fig. 2c). Direct transmissions and
multi-hop transmissions can be regarded as special
types of cooperative transmissions. A direct
transmission utilizes no relays while a multi-hop
transmission does not combine signals at the
destination. In Fig. 2c, the cooperative channel is a
virtual multiple-input single-output (MISO) channel,
where spatially distributed nodes are coordinated to
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form a virtual antenna to emulate multi-antenna
transceivers.

(e)

Fig-2. Three transmission protocols: a) direct
transmissions via a point-to-point conventional link;
b) multi-hop transmissions via a two-hop manner
occupying two time slots; and c) cooperative
transmissions via a cooperative diversity occupying
two consecutive slots. The destination combines the
two signals from the source and the relay to decode
the information.

Topology Control

The network topology in a MANET is
changing dynamically due to user mobility, traffic,
node batteries, and so on. Meanwhile, the topology
in a MANET is controllable by adjusting some
parameters such as the transmission power, channel
assignment, etc. In general, topology control is such
a scheme to determine where to deploy the links and
how the links work in wireless networks to form a
good network topology, which will optimize the
energy consumption, the capacity of the network, or
end-to-end routing performance. Topology control is
originally developed for wireless sensor networks
(WSNs), MANETS, and wireless mesh networks to
reduce energy consumption and interference. It
usually results in a simpler network topology with
small node degree and short transmission radius,
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which will have high-quality links and less
contention in medium access control (MAC) layer.
Spatial/spectrum reuse will become possible due to
the smaller radio coverage. Other properties like
symmetry and planarity are expected to obtain in the
resultant topology. Symmetry can facilitate wireless
communication and two-way handshake schemes for
link acknowledgment while planarity increases the
possibility for parallel transmissions and space
reuse. Power control and channel control issues are
coupled with topology control in MANETS while
they are treated separately traditionally. Although a
mobile node can sense the available channel, it lacks
of the scope to make network wide decisions. It
therefore makes more sense to conduct power
control and channel control via the topological
viewpoint. The goal of topology control is then to
set up interference free connections to minimizes the
maximum transmission power and the number of
required channels. It is also desirable to construct a
reliable network topology since it will result in some
benefits for the network performance. Topology
control focuses on network connectivity with the
link information provided by MAC and physical
layers. There are two aspects in a network topology:
network nodes and the connection links among
them. In general, a MANET can be mapped into a
graph G(V, E), where V is the set of nodes in the
network and E is the edge set representing the
wireless links. A link is generally composed of two
nodes which are in the transmission range of each
other in classical MANETSs. The topology of such a
classical MANET is parameterized by some control
lable parameters, which determine the existence of
wireless links directly. In traditional MANETS
without  cooperative ~ communications, these
parameters can be transmit power, antenna
directions, etc. In MANETs with cooperative
communications, topology control also needs to
determine the transmission manner (i.e., direct
transmission, multi-hop transmission, or cooperative
transmission) and the relay node if cooperative
transmission is in use.
As topology control is to determine the existence of
wireless links subject to network connectivity, the
general topology control problem can be expressed
as

G* = arg max f(G), 1)

s.t. network connectivity.
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The problem Eq. 1 uses the original
network topology G, which contains mobile nodes
and link connections, as the input. According to the
objective function, a better topology G*(V, E*) will
be constructed as the output of the algorithm. G*
should contain all mobile nodes in G, and the link
connections E* should preserve  network
connectivity without partitioning the network. The
structure of resulting topology is strongly related to
the optimization objective function, which is f(G) in
Eq. 1.

It is difficult to collect the entire network
information in MANETSs. Therefore, it is desirable
to design a distributed algorithm, which generally
requires only local knowledge, and the algorithm is
run at every node independently. Consequently, each
node in the network is responsible for managing the
links to all its neighbors only. If all the neighbor
connections are  preserved, the end-to-end
connectivity is then guaranteed. Given a
neighborhood graph GN (VN, EN)with N
neighboring nodes, we can define a distributed
topology control problem as G* N = arg max f(GN),
s.t. connectivity to all the neighbors.

The objective function f(G) in Eq. 1 is
critical to topology control problems. Network
capacity is an important objective function. Our
previous work [8] shows that topology control can
affect network capacity significantly. In the
following section, we present a topology control
scheme with the objective of optimizing network
capacity in  MANETs with  cooperative
communications.

3. Topology Control for Network
Capacity Improvement in MANETS
with Cooperative Communications

In this section, we first describe the
capacity of MANETs. Then, we present the
proposed COCO topology control scheme for
MANETSs with cooperative communications in the
next section.

The Capacity of MANETS

As a key indicator for the information
delivery ability, network capacity has attracted
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tremendous interests since the landmark paper by
Gupta and Kumar [9]. There are different definitions
for network capacity. Two types of network capacity
are introduced in [9]. The first one is transport
capacity, which is similar to the total one-hop
capacity in the network. It takes distance into
consideration and is based on the sum of bit-meter
products. One bit-meter means that one bit has been
transported to a distance of one meter toward its
destination. Another type of capacity is throughput
capacity, which is based on the information capacity
of a channel. Obviously, it is the amount of all the
data successfully transmitted during a unit time. It
has been shown that the capacity in wireless ad hoc
networks is limited. In traditional MANETSs without
cooperative communications, the capacity is
decreased as the number of nodes in the network
increases. Asymptotically, the per-node throughput
declines to zero when the number of nodes
approaches to infinity [9]. In this study, we adopt the
second type of definition.

The expected network capacity is
determined by various factors: wireless channel data
rate in the physical layer, spatial reuse scheduling
and interference in the link layer, topology control
presented earlier, traffic balance in routing, traffic
patterns, etc. In the physical layer, channel data rate
is one of the main factors. Theoretically, channel
capacity can be derived using Shannon’s capacity
formula. In practice, wireless channel data rate is
jointly determined by the modulation, channel
coding, transmission power, fading, etc. In addition,
outage capacity is usually used in practice, which is
supported by a small outage probability, to represent
the link capacity. In the link layer, the spatial reuse
is the major ingredient that affects network capacity.
Link interference, which refers to the affected nodes
during the transmission, also has a significant
impact on network capacity. Higher interference
may reduce simultaneous transmissions in the
network, thus reduce the network capacity, and vice
versa. The MAC function should avoid collision
with existing transmission. It uses a spatial and
temporal  scheduling so that simultaneous
transmissions do not interfere with each other.
Nodes within the transmission range of the sender
must keep silent to avoid destroying ongoing
transmissions. In addition, there are some factors
that prevent the channel capacity from being fully
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utilized, such as hidden and exposed terminals,
which need to be solved using hand shake protocols
or a dedicated control channel in wireless networks.

4. Improving Network Capacity Using
Topology Control in MANETS with
Cooperative Communications

To improve the network capacity in
MANETs with cooperative communications using
topology control, we can set the network capacity as
the objective function in the topology control
problem in Eg. 1. In order to derive the network
capacity in a MANET with cooperative
communications, we need to obtain the link capacity
and inference model when a specific transmission
manner (i.e., direct transmission, multi-hop
transmission, or cooperative transmission) is used.

When traditional direct transmission is
used, given a small outage probability, the outage
link capacity can be derived. Since only two nodes
are involved in the direct transmission, the
interference set of a direct transmission is the union
of coverage sets of the source node and the
destination node. In this article, we adopt the
interference model in [9], which confines concurrent
transmissions in the vicinity of the transmitter and
receiver. This model fits the medium access control
function well (e.g., the popular IEEE 802.11 MAC
in most mobile devices in MANETS). Herein,
interference of a link is defined as some combination
of coverage of nodes involved in the transmission.
Multihop transmission can be illustrated using two-
hop transmission. When two-hop transmission is
used, two time slots are consumed. In the first slot,
messages are transmitted from the source to the
relay, and the messages will be forwarded to the
destination in the second slot. The outage capacity
of this two-hop transmission can be derived
considering the outage of each hop transmission.
The transmission of each hop has its own
interference, which happens in different slots. Since
the transmissions of the two hops cannot occur
simultaneously but in two separate time slots, the
end-to-end interference set of the multi-hop link is
determined by the maximum of the two interference
sets.

When cooperative transmission is used, a
best relay needs to be selected proactively before
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transmission. In this study, we adopt the decode
and-forward relaying scheme. The source broad
casts its messages to the relay and destination in the
first slot. The relay node decodes and reencodes the
signal from the source, and then forwards it to the
destination in the second slot. The two signals of the
source and the relay are decoded by maximal rate
combining at the destination. The maximum
instantaneous end-to-end mutual information, outage
probability, and outage capacity can be derived .For
the interference model, in the broadcast period, both
the covered neighbors of the source and the covered
neighbors of the relay and the destination have to be
silent to ensure successful receptions.

In the second slot, both the covered
neighbors of the selected relay and the destination
have to be silent to ensure successful receptions.
After obtaining the link capacity and inference
models, the network capacity can be derived [8] as
the objective function in the topology control
problem in Eq. 1. By considering direct
transmission, multihop transmission, cooperative
transmission, and interference, the proposed COCO
topology control scheme extends physical layer
cooperative communications from the link-level
perspective to the network-level perspective in
MANETS. The proposed scheme can determine the
best type of transmission and the best relay to
optimize network capacity. Two constraint
conditions need to be taken into consideration in the
proposed COCO topology control scheme. One is
network connectivity, which is the basic requirement
in topology control.

The end-to-end network connectivity is
guaranteed via a hop-by-hop manner in the objective
function. Every node is in charge of the connections
to all its neighbors. If all the neigh bor connections
are guaranteed, the end-to-end connectivity in the
whole network can be preserved. The other aspect
that determines network capacity is the path length.
An end-to-end transmission that traverses more hops
will import more data packets into the network.
Although path length is mainly determined by
routing, COCO limits dividing a long link into too
many hops locally. The limitation is two hops due to
the fact that only two-hop relaying is adopted.
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Fig-3. The original topology: a MANET with 30
nodes randomly deployed in a 800 x 800 m2 area.
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Fig- 4. The final topology generated by COCO.
The solid lines denote traditional direct
transmissions and multihop transmissions. The
dashed lines denote the links involved in cooperative
communications.

5 . Simulation Results and

Discussions

In this section, the performance of the
proposed scheme is illustrated using computer
simulations. We consider a MANET with 30 nodes
randomly deployed in a 800 x 800 m2 area. The
number of nodes is changed in the simulations. The
channels follow a Raleigh distribution. We compare
the performance of the proposed scheme with that of
an existing well-known topology control scheme
[10], called LLISE, which only considers traditional
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multi-hop  transmissions ~ without  cooperative
communications and preserves the minimum
interference path for each neighbor link locally. We
also show the worst network capacity among all the
topology configurations for comparison. The
original topology is shown in Fig-3, where links
exist whenever the associated two end nodes are
within transmission range of each other. It is clear
that this topology lacks any physical layer
cooperative communications. Fig-4 shows the
resulting topology using the proposed COCO
topology control scheme. In Fig-4, the solid lines
denote traditional direct transmissions and multi-hop
transmissions, and the dash lines denote links
involved in cooperative communications. As we can
see from Fig. 4, to maximize the network capacity of
the MANET, many links in the network are involved
in cooperative communications.
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Fig-5. Network capacity versus different
numbers of nodes in the MANET

One example of two-phase cooperative
communications is shown in the top left corner of
the figure. Fig- 5 shows the network capacity per
node in different topology control schemes with
different numbers of nodes in the MANET. As we
can see from the figure, the proposed COCO scheme
has the highest network capacity regardless of the
number of nodes in the network. Similar to COCO,
LLISE is executed in each node distributedly. It
preserves all the edges on the minimum interference
path for each link in the resulting topology, thus
minimizes the interference to improve network
capacity. Nevertheless, COCO can achieve a much
higher network capacity than LLISE, since LLISE
only considers multihop transmissions. The
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performance gain of the proposed scheme comes
from the joint design of transmission mode
selection, relay node selection, and interference
minimization in MANETs with cooperative
communications.

6. Conclusion

In this paper, we have introduced physical
layer cooperative communications, topology control,
and network capacity in MANETS. To improve the
network capacity of MANETs with cooperative
communications, we have proposed a Capacity
Optimized Cooperative (COCO) topology control
scheme that considers both upper layer network
capacity and physical layer relay selection in
cooperative communications. Simulation results
have shown that physical layer cooperative
communications techniques have significant impacts
on the network capacity, and the proposed topology
control scheme can substantially improve the
network capacity in MANETs with cooperative
communications. Future work is in progress to
consider dynamic traffic patterns in the proposed
scheme to further improve the performance of
MANETS with cooperative communications.
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