





592

shorter paths are used with our framework to route the
packets. This leads to fewer transmissions and retransmis-
sions since there are fewer contention points along the path
to the destination. In most of our simulations, we observe
that the number of SISO transmissions incurred with our
framework is approximately only twice that of a traditional
layered SISO-based network. This increase is directly
related to the increase in energy consumption with our
scheme. In short, the energy consumption with virtual
MISO is approximately twice as that with SISO. While we
believe that this is a modest price to pay given the dramatic
improvements in throughput and latency, we will examine
ways of reducing this energy penalty in the future.

5 RELATED WORK

In this section, we describe previous related work. We first
discuss previous efforts on the use of cooperative transmis-
sions and receptions (or the formation/use of virtual MISO
or MIMO links); these are primarily physical layer related
efforts. Later, we describe related work on the use of
antenna arrays in ad hoc networks in brief; most of the work
here has been on the use of directional antennas.

Use of Cooperative Transmissions and Receptions. The
benefits of virtual MIMO systems at the physical layer have
been recently studied in [38], [36], [37], [4], [18], [31], [10]. In
[36], the authors demonstrate how the coverage (cell size)
can be increased for establishing the reverse link in cellular
systems with the use of two cooperating mobile transmit-
ters instead of one. This work also presents an information
theoretic model that demonstrates that cooperating trans-
mitters can improve the link level throughput. The work in
[37] considers a practical CDMA-based implementation of
cooperative transmissions at the physical layer and devel-
ops receiver architectures and detection algorithms to
enable the reception of such transmissions. In our descrip-
tion of virtual MISO links, we have used simple replication
of information by the cooperating transmitters. The use of
error control codes in order to represent information
(instead of simply repeating information) was suggested
by [18]; in particular, this work suggests the use of
punctured codes.

The benefits of using virtual antenna arrays (referred to
as cooperative diversity in these efforts) from a theoretical
perspective have also been shown by Laneman [19]. In
particular, Laneman shows analytically that, with two
cooperating nodes, full diversity (i.e., diversity of order 2)
can be achieved. This implies that the outage probability
decays in proportion to the inverse of the square of the
signal-to-noise-ratio 81=SNR?b with cooperative diversity
rather than 1=SNR, which is the rate of decay without
cooperative diversity.

In light of this fact, several studies have recently explored
the use of cooperative diversity as a potential tool to
improve the power efficiency of wireless communications
[10], [27], [20]. In [10], Cui et al. study the energy efficiency
achieved with actual and virtual MIMO systems. It is shown
that the energy savings (with respect to SISO systems) with
virtual MISO systems increase linearly with the distance
between the transmitter and the receiver. In [20], Khandani
et al. provide the first indications that cross-layer design
considering cooperative diversity may result in significant
energy efficiency. In particular, the authors suggest graph
theoretical methods for the selection of paths in a randomly
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constructed network employing cooperative transmissions.
Neither [10] or [20], however, propose practical cross-layer
approaches that tie the physical, MAC, and network layer
mechanisms together for use with virtual antenna arrays.

In addition to the creation of virtual antenna arrays,
other types of multiuser diversity have also been studied.
With accumulative broadcasts, proposed by Maric and
Yates, a receiver utilizes multiple partially recovered (SNR
below the decoding level) receptions of the same packet
[27]; the authors show that this can improve the lifetime of
the network. Furthermore, by use of temporal diversity the
receiver may combine partial information received at
different times [33] (hitch-hiking), and this may be used to
achieve energy efficient broadcasting [1].

While Nosratinia et al. [31] recognize the importance of
multiple-access and higher layer issues, there have been
very few efforts, to the best of our knowledge, that have
considered the importance of interactions between layers
and the implementation of appropriate protocols to exploit
cooperative communications. Recently, [7] and [35] have
introduced and studied the reachback problem in sensor
networks. The sensor networks are designed so that
multiple sensor nodes in the field report back their
measurements to a collection center. In practice, the center
may be located far away from the sensor nodes in the field;
this may prevent individual nodes from establishing a
connection with the center on their own. In order to alleviate
this problem, the authors propose the use of cooperative
transmissions of multiple sensor nodes. In their work, the
authors assume that the nodes have the knowledge of the
entire field of the observed samples; this requirement may
entail large overheads and could be difficult in practice.
Furthermore, the authors do not address MAC or routing
issues that arise due to cooperative transmissions.

There have been a lot of efforts on enabling the phase
synchronization of cooperative transmissions at the receiver
[29], [6], [30], [25], [28], [17], [24], [43], [26]. These solutions
were discussed earlier in Section 2 and, thus, we do not
repeat the discussion here. Other efforts on the synchroni-
zation of transmissions for cooperative broadcasts are [16],
[15]. In [16] and [15], Hu and Servetto propose time-
synchronization methods that facilitate cooperative trans-
missions of a large number of sensor nodes to a single
collection center.

Use of Multiple Antennas in Ad Hoc Networks. There
has been some work on the use of specialized antennas in
ad hoc networks. Most of the work, though, assumes the
use of steerable or directional antennas wherein the antenna
can focus energy in a desired direction. Examples of such
efforts may be found in [34], [41], [9], [5], and [21]. In [34],
Ramanathan points out that the requirement in terms of the
size of antenna arrays could make physical deployment on
mobile nodes difficult on the spectral bands in use today. In
particular, the size would be a factor for operations on the
900-MHz or the 2.4-GHz bands.

Recently, there has been some work on the use of MIMO
links in ad hoc networks by Sundaresan et al. [40], [39], [46].
These works assume that separate flows are established
between the different antenna elements of the sender and
receivers to yield a spatial multiplexing gain. The joint use
of the antenna elements to provide robustness to fading
effects has not been considered. Furthermore, the authors
assume that antenna arrays are physically mounted on
mobile devices.









