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Abstract— Physical layer cooperation can be a powerful ~ Many network protocols used in multihop wireless
tool for enhancing the performance of multi-hop wireless networks such as mobile ad hoc and sensor networks
networks. In this paper, we analyze the time to complete a need to operate in broadcast mode to disseminate/flood
cooperative broadcast to flood some information from one ~artain control messages to the entire network (for in-
node to a_lll nodes in a_ereIess network. We show that with stance, to initiate route requests, or to propagate a query)
cooperation the total time to complete the broadcast grows __ . . L .

This can in turn amount to a significant portion of the

only logarithmically with the network diameter (unlike in : .
traditional systems where time to flood increases linearly Network traffic, which may lead to a performance bot-

with the diameter). Simulation results validate the analyss, tleneck. As such, the subject of broadcast transmission
and show that the improvements in flooding time are in multi-hop wireless networks has attracted a lot of

more pronounced for higher density networks. We further attention from the research community (e.g., see [1], [2],

compare the energy costs of cooperative and traditional [4], [5] and the references therein).

ﬂqoding,and §h0w that the improvements in flooding Fime In this paper we consider a network operating in

with cooperation do not come at the expense of h'gherdbroadcast mode employing @operative transmission

energy costs. These results, albeit based on an idealize tocolwhereb des i . fafully d ded
form of cooperation, provide a strong motivation to develop protocoiwhereby nodes in possession of a fully decode

and test practical schemes for cooperative flooding in Packet transmit that packet together in each round of

multi-hop wireless networks. broadcast. Receiving nodes combine the information
Keywords— Cooperative transmission, wireless net- Obtained from multiple transmitters to decode the packet.
works, broadcast, flooding time. In conventional systems, the simultaneous transmission

of identical information is considered a problem as it
results in a packet collisidn In the case of cooperative
systems, however, this redundancy is actually beneficial.

A packet transmitted by a node in a wireless network Cooperative transmission protocols for multi-hop
is received by not only the intended recipient but alseireless networks are being increasingly discussed in the
by other nodes in the nominal reception range of thigerature in recent years (e.g., [3], [4], [5], [6], [7],]}8
transmitter. This innate property of the wireless mediuhe contribution of our work is that it provides the first
can be a hurdle in point-to-point systems, where theg@alysis of the time required for cooperative flooding.
is only one single intended recipient and the remainir@ur results show that with cooperation, flooding times
neighboring nodes must treat that received packet stsale logarithmically with the diameter of the network,
undesired interference. Nonetheless, broadcast systémsontrast to linear scaling for traditional flooding; and
can be designed to achieve potential performance gaihat these gains do not come at the cost of higher energy
by taking advantage of this property. costs.

Our study assumes an idealized setting for coopera-
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of the authors and do not necessarily reflect the views of tBE br For instance, treating this problem of excessive collisidaring
NASA. flooding is the subject of the well-known work by Mt al. [1]
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can be argued that such an analysis provides only an
upper-bound on real-world performance of cooperative
strategies. Our optimistic results do suggest strongly,
however, that there is sufficient motivation to further
develop practical cooperation schemes and explore their
performance, particularly for large, densely-deployed
wireless networks, where flooding events are common.

II. SYSTEM MODEL

We consider a cooperative flooding protocol in which
the broadcast is initiated by a source node transmitting
one packet. All the nodes in the network that are within
the transmission range of the source node, are assumed
to hear the source withsufficientsignal-to-noise ratio i . _

ig. 1. Transmission propagation model for cooperativediiog
(SNR) to be able to decode the message correctly. In the
following time interval, the same packet is transmitted
by all the nodes that have successfully decoded it in

the previous interval(s), but have not transmitted it $fen assuming unit variance for noise, the corresponding
far, and the procedure is continued until all the nodggcejved signal power at a receiving node, which is
in the network have received the original packet. Thgcated at a distance from the transmitting node can
receiving nodes are assumed to exploit the signals frgya expressed aB, = P,.d~". The reception threshold

not only from their immediate neighbors (i.e. those whg each receiving node can be expressed as
have transmitted the message at the current time interval)

but from all the nodes that have so far transmitted the 7= PR (1)
message. The transmission power is kept constant for
all nodes throughout the broadcast. Appropriate chahe message can be successfully decoded at a node if
nel coding is assumed so that the decoding and @nd only if the total received signal power at that node
transmission are done successfully, so long as the SisRgreater than or equal to
is above some pre-determined threshold. To study the effect of cooperative broadcast, and the
We assume that théV nodes in the network areamount of time it takes for a packet to be delivered to
distributed randomly and uniformly in a region. Wdhe entire network, let us consider a network defined
assume an idealized cooperation setting in our analyBja mega-disc of radiu®. Without loss of generality,
such that the received signal power of simultaneougigsume that the transmission starts at tigneith a node
transmitted packets is equal to the sum of the receiviegated at the center of this mega-disc. At time all
powers of the individual packets had they been sepghe nodes located in a disc of radiug from the center
rately transmitted one at a time. This can be approkave received the packet. The nodes located at the ring
imated in practice through synchronized transmissiofdétermined by inner radiug, and outer radius:; will
and maximal ratio combining with channel estimatioftart relaying data at covering a bigger disc with radius
over orthogonal channels/codes/delay taps at the receiverand so forth until the entire network is covered. The
end. These assumptions are commonly used in mod&igangement is pictorially presented in Figure 1.
employed in literature (e.g., [3], [5], [6], [7])- The number of nodes, for any given radinsfrom the
center can be represented byr) = w22p, wherep is
the density [node/area]. In the analysis that follows, we
We consider a deterministic channel model, where tikensider acontinuum networkmodel [5], whereby the
received signal power, on the medium is assumed namber of relay nodes$v goes to infinity, while P, N
decay with distance with a constant path-loss exponasiffixed. In the simulation section though, we consider a
n. Successful reception at each node depends on timte network with finitely many nodes, each of which
received signal power and the noise variance at that nottansmits with a constant transmit power.
If we define the transmission range of a single nodeHere, we derive an approximate expression for
transmitting with powerP; to be a disc of radiusk?, using the continuum network model, discussed in [5]
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(specifically, we base the following analysis on equatic 25

(74) of that work, pertaining to cumulative cooperation

Based on that model for the case when the path Ic 2 p
exponentn = 2, we can write a recursive equation fol =

Ty as, " élsj |
2 2 2

U= i (2) g ]

o
[53]
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I

where,. = exp <p1§m> and the initial condition is given

by o = R. This can be re-arranged as
t/2
o= (25) o ©)
nw—1
substitutingz; and z, with D and R respectively and
solving for T, we get
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Fig. 2. The analytical flooding time of the cooperative scheior
varying values of network radiug,= 0.08, R =5

2log (%) reception power exceeding which has not transmitted
Tr= o (L> (4) so far, transmits the message and so forth. Each node
& i1 is assumed to have memory whereby it accumulates

The expression obtained in (4) clearly shows thahnd exploits all the transmissions before them by storing
with cooperation, the time to complete the flood is &€ received signals from previous broadcast rounds and
logarithmic function of the hop-diameter of the networkcombining them via maximal ratio combining.

The analytical estimate of flooding time is plotted We keep track of energy consumption costs of the
for different network radii in Figure. As can be seen cooperative scheme by calculating the transmission cost
from the figure, the flood time grows logographically'C and the reception cogtC' per broadcast. The former
(as opposed to linearly) with the network diameter. THe calculated by accumulating the number of nodes that
continuum model, used in analysis, only provides clos@#€ in transmission mode in each step, for all broadcast
form solutions forn values equal t@ and considers steps and the latter is calculated by accumulating the
infinitely many nodes with a constant sum-power. Weumber of nodes that are listening (are in reception
explore othem values and look at finite network effectgnode) in each step, for all broadcast steps. We later
with a constant transmit power per node, using t®mpare these costs to those of a traditional flooding

simulation model presented in Section IV. scheme. Notice in the cooperative scheme described, the
total transmission cost will never exceed the number of
IV. SIMULATION RESULTS nodes in the network, as each node can only transmit

In this section, we look at the performance of thence. However, the reception cost might be more than
cooperative broadcast in networks with finite numbéhe number of nodes in the network, since a node might
of nodes, where the nodes are uniformly distributdtave to remain in listening mode for a few rounds before
throughout the network. Throughouf) denotes the being able to decode the message.
network radius,R is the transmission range of a singl
node andl’ is the number of cycles it takes to transmi
the packet to the entire network. The results shown areFigure 3 shows the effect gfon the flooding time. As
average values, obtained by repeating the experime@xpected, the higher the valuemthe longer it takes for
multiple times. A customized simulation in MATLAB the message to propagate throughout the network. The

. Effect of network parameters

was used for producing the results. logarithmic relationship between the flood-time and the
) _ diameter of the network is also evident from the results.
A. Simulation setup As discussed previously, one advantage of using coop-

The transmission is initiated from a source noderative broadcast is that the collisions between different
located in the center and we assume the detection timéransmitting nodes can work to our advantage. This is
negligible. The relay nodes decode and transmit the megown in Figure 4, whereby — in contrast to traditional
sage if and only if their SNR exceeds a certain threshroadcast strategies — as the network density increases
old 7. At every broadcast step, the set of nodes withe time it takes for the packet to be transmitted to



o

Any other node, in the priority queue, in the order of their
priority is either assigned to work in transmission mode
or in contention mode. The former happens if the node is
located in a distance greater thaR from all the nodes
that have previously been assigned as transmitter in that
round, otherwise the node is said to be in contention
mode in that round. The distanc®R is chosen to
avoid collisions, in other words, the interference from
adjutant transmitters is considered negligible if the node
25 20 IS not within the transmission range of the interfering

transmitter. The priority queue is updated after each
Fig. 3. Flooding time for varying values of network radiustihe round of brogdcast and it Co_ntmues until the message
cooperative scheme, = 0.08, R = 5 has been delivered to the entire system. The network is
chosen to be dense enough to be connected, so we can
be sure that the message will get through to the entire
network. The nodes that are yet to receive the message
are considered to be in listening mode. Notice that each
node can only transmit once, before the transmission is
done the node is either in listening mode, in contending
mode or in transmission mode.

In Figure 5, the flooding time is shown for the cooper-
ative scheme vs the traditional flooding. As can be seen,
unlike the cooperative scheme, the flood time grows
| almost linearly with the network diameter in traditional
flooding. Figure 6 presents the energy consumption com-
parisons for the two schemes. The transmission Tost
and listening/reception co$tC' are defined as described
earlier in this section for both schemes. For traditional
flooding, there is an additional contention cost, shown

the entire network decreases. The curve highlights & CC, which is calculated as one unit per node for
particular the advantages of using cooperative schenf@h round of broadcast at which the node is in con-
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Fig. 4. Flooding time for varying values of network densitythe
cooperative schemd) =20, R =5

in high density wireless networks. tention mode. The results indicate that the cooperative
. _ N _ scheme can flood the network more efficiently than the
C. Comparison with traditional flooding traditional flooding in terms of both the time and energy

In this section, we simulate a traditional collisioneonsumptions. Notice however that the receiver structure
free flooding scheme, in order to provide a means wf the cooperative case needs to be more complex to
comparison between the time to flood and energy coslsal with the memory issues and to decipher the signals
between the traditional and cooperative schemes. Titeeeived from multiple sources.
simulations are done for arbitrary network parameters,
whereby the network is chosen to be dense enough to V. CONCLUSION
ensure that the nodes are connected. The use of cooperative transmission in broadcast wire-

The traditional flooding protocol that we simulatdess networks is becoming increasingly popular due to
works as follows: the transmission starts with a node tite advantages they offer over conventional schemes. In
the center. All the nodes that can hear the message vitiis paper, we provided the first analysis of the time
a SNR abover will decode the message successfullyequired for broadcast flooding with cooperation. The
A random priority queue will be formed from the nodeanalysis shows a logarithmic relationship between the
that have successfully decoded the message but haveflomding time and the ratio of the network radius to the
transmitted it yet. In the next round of transmission theansmission range of a single node (the hop-diameter
node with the (randomly assigned) highest priority froraf the network, in the traditional setting). Thus flooding
that queue will be assigned as the primary transmitteising physical layer cooperation is fundamentally faster



The model considered in this paper represents an
idealized scenario since we effectively assume perfect
synchronization and maximal ratio combining using per-

| fect channel state information at receivers from a large

number of senders. Further, we have assumed a deter-
ministic channel model. The analysis and simulations

| presented in this paper strongly suggest that a huge

potential gain can be achieved by pursing cooperative
designs and as such provide strong motivation for the
development of more realistic simulations and practically
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Fig. 6. Energy costs for cooperative flooding (solid linesd a

traditional flooding protocol (dotted linesy,= 0.08, R =5 [6]

than traditional flooding where the flooding time grows[7]
linearly with the hop-diameter.

We validate this analysis using a simulation mode
of a broadcast network with finite nodes. The results

% jmplementable versions of these methods.
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