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ABSTRACT

Convergecast is a common communication pat-
tern across many sensor network applications fea-
turing data-flows from many different source nodes
to a single sink node during a very short time
window. Convergecast in wireless ad hoc network
requires proper coordination among the nodes to
avoid high packet collision rates near the sink
node. A coordinated convergecast framework for
achieving high convergecast reliability has been
developed. In this paper, we extend this framework
and study the effectiveness of packet aggregation
and duplication within this framework. We analyze
the performance of the coordination strategies via
simulation and show the tradeoffs among reliability,
latency, and throughput. We also compare a set of
coordinated convergecast strategies with the exist-
ing routing strategy designed and implemented for
a real-world application.

I. I NTRODUCTION

Convergecast refers to a communication pattern in
which the flow of data from a set of nodes to a single
node in the network. Many sensor network applications
require convergecast for data collection. For example,
consider a sensor network deployed to determine the
location of a sniper in an urban environment. In general
sensor nodes have limited computational capability. As
a result, they cannot execute sophisticated algorithms
to determine the location from which the shot was
fired [9]. In such applications all the packets generated
in the network have to reach the base station for further
analysis.

The issue of convergecast has only been addressed by
few [3], [1], [5]. Convergecast is a many-to-one process
which results in a non-uniform bandwidth demand across
the network space: more bandwidth is needed for nodes
closer to the sink. The sink node is inevitably an ultimate
bottleneck in convergecast. In a large-scale wireless
network, this bottleneck phenomenon in convergecast
potentially impacts its reliability and throughput, and

demands special attention.
A simple and effective convergecast in wireless sensor

networks has recently been proposed [5], in which the
nodes in the convergecast process adjust their transmis-
sion time according to a quadratic formula based on
the estimated hop distance to the sink in a 2D network.
Our main contribution in this paper is an extension of
this simple convergecast coordination framework. The
extension includes an inward delay mechanism and op-
tional packet aggregation and duplication mechanisms
within a layered routing architecture. Our simulation
results show that this inward delay mechanism works
better than the original outward delay mechanism for
some performance metrics, aggregation further improves
the overall performance of convergecast, and duplication
increases delivery rates with higher energy cost.

The remainder of the paper is organized as follows.
Section II presents the extended convergecast framework.
Section III describes packet aggregation and duplication
in a layered routing architecture. Section IV discusses
the simulation model and analyzes simulation results.
Section V concludes the paper with some future work
along this direction.

II. CONVERGECAST WITHRADIAL COORDINATION

The main part of the convergecast protocol is a hop-
distance based temporal coordination heuristic for adding
transmission delays to avoid collisions. In this section,
we will first introduce the framework and present two
delay strategies: outward and inward delays.

A. Temporal Coordination Heuristic

Temporal coordination is our key strategy to reduce
the collision and packet loss. Rather than sending or
relay a packet immediately, a nodev in the network
will wait for time Tv before sending the packet through
the radio. We expect this to help reduce the congestion
around the sink node in the convergecast process. The
question is then how does each nodev decide what is
their Tv. Assume the “sink-to-me” hop-distancehv is
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available from the network initialization phase or from
the query broadcast phase, letTv be T (hv) where T
is a delay coordination function. Note that although
for asymmetric networks, “sink-to-me” and “me-to-sink”
may be different, it should not change this coordination
scheme in a significant way.

For the outward delay strategy, inner nodes start
sending packets first, the further away a node is from
the sink, the more nodes need to send a packet before it
does, so the longer it should wait to avoid unnecessary
collisions. For the inward delay strategy, outer nodes start
sending packets first, while the packets of inner nodes
are delayed to avoid collisions. In either case, the form of
the coordination functionT (h) depends on the topology
of the network.

B. Delay Coordination Functions

Fig. 1. An Example of Convergecast on a Square-lattice Network

Figure 1 shows a square-lattice network. In this net-
work, each node has 4 neighbors and the number of
nodes that areh-hops away from a sink is4h. In general,
if sensor nodes are uniformly deployed (connectivity
forming a regular graph) and the density of the network
is d, namely, each node hasd neighbors, the number of
nodes that areh-hops away from a sink isdh.

Assume each node sends a packet to the sink and no
packet aggregation is possible or present, also assume
the average packet transmission time for one hop isτ .

For the outward delay scheme, transmissions are
started from inside to outside. Since the total number
of nodes that are less thanh-hops away from the sink is

d + 2d + 3d + ... + d(h− 1) =
d

2
h(h− 1), (1)

the minimum expected transmission time for all the
packets initiated in less thanh hops away from the sink

to be received at the sink is:

to(h) =
d

2
h(h− 1)τ. (2)

As a result, if the nodes that areh-hops away waitto(h)
before start sending, the potential of collision with the
transmissions of packets that are generated less thanh-
hops away could be reduced significantly comparing to
sending the packets immediately.

For the inward delay scheme, transmissions are started
from outside to inside. AssumeH is the hop-distance of
the outmost nodes. The total number of nodes that are
larger thanh-hops away from the sink is

d(h+1)+d(h+2)...+dH =
d

2
(h+H+1)(H−h), (3)

the minimum expected transmission time for all the
packets initiated in larger thanh hops away from the
sink to be received at the sink is:

ti(h) =
d

2
(h + H + 1)(H − h)τ. (4)

As a result, if the nodes that areh-hops away waitti(h)
before start sending, the potential of collision with the
transmissions of packets that are generated larger than
h-hops away could be reduced significantly comparing
to sending the packets immediately.

One can apply a quadratic form transmission delay
function for replying to a query or responding to an event
in any 2D uniformly deployed network as:

t(h) = ah2 + bh + c (5)

where a, b and c are constants that can be obtained
off-line given the application scenario (e.g., density (d),
bandwidth (τ ), etc.).

However, according to this formula, all the nodes at
h-hops away would send out at the same time, which
will cause collision at the sink as well, even when all
packets sent out by the nodes at other hop-distance away
will have no collision with packets sent by these nodes.
To take this factor into account, we added an additional
random offset:

T (h) = t(h) + rdhτ (6)

wherer is a uniformly distributed random number from
0 to 1, anddh corresponds to the number of nodes at
distanceh for a uniformly distributed network. Replace
t(h) in (6) by the formula in (2), we have the outward
delay formula as:

To(h) = [
h− 1

2
+ r]dhτ (7)
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Replacet(h) in (6) by the formula in (4), we have the
inward delay formula as:

Ti(h) = [
(h + H + 1)(H − h))

2
+ rh]dτ (8)

C. Local Coordination Heuristic

A local coordination function can be obtained even
when the network is not uniformly deployed. In this case,
formula (7) or (8) still can be used as a local coordination
function, whered is the number of neighbors of this
node. The coordination strategy is totally local, depend-
ing only on the information at this node. In practice,τ
can be either fixed off-line, to be sent with the query,
or to be adaptive online. In simulation (Section IV), we
will show that one can useτ as tunable parameter for
tradeoffs among latency, throughput and delivery ratios.

III. L AYERED ROUTING ARCHITECTURE

In this section, we will first introduce a layered routing
architecture and then present the routing components that
can be used to form a convergecast protocol using the
delay strategies described in the previous section.

A. Layered Routing Architecture

Our layered routing architecture is not related to the
IEEE seven-layer OSI network architecture. This layered
architecture was inspired by the component wiring struc-
ture in NesC/TinyOS [2] and was in fact implemented
initially in TinyOS and later in EmStar [4].

A routing component is a module which handles
events (e.g.,PacketReceived, PacketSent, Clock Tick)
and executes commands (e.g.,SendPacket). A routing
componentA is wired to another routing component
B, denotedA → B, if A passes commands toB and
B passes events toA. The minimum configuration of
layers includes the MAC layer, a routing layer, and the
application layer, with the MAC layer at the bottom
and the application layer at the top. The MAC layer
performs the low-level communication protocol (e.g.,
GenericComm in TinyOS). The routing layer forwards
the received packet (via broadcast or selectively to the
next hop) or passes the received packet up if it is
the destination of that packet. The application layer
generates the application scenarios. This layered archi-
tecture allows for the sharing of common components by
different algorithms. For example, many algorithms need
neighborhood management and transmission queues, and
flooding-based routing may add transmission delays to
forwarding packets to reduce collisions. For a given
application scenario, one should select the right al-
gorithm with a set of routing components. It is the

algorithm designer’s choice to put individual functions
into different layers so that common functions can be
shared by different algorithms.

B. Basic Convergecast Layers

In the layered architecture, the basic convergecast
protocols have the following layers:application →
initialization → convergecast → delay transmit →
transmit queue → MAC.

• initialization: One of the common components for
initialization is flooding from the sink node if the
sink node is known initially. Flooding from the sink
node can be used to generate hop distances to the
sink or a spanning tree rooted at the sink node.

• convergecast: There are two ways a convergecast can
be implemented: (1) using a convergecast tree, which
can be established during the initialization phase or
the query broadcast phase, or (2) using directional
flooding [7], i.e., flooding towards the sink according
to the hop distances. We have done experiments on
both and found that directional flooding works a lot
better in noisy radio environments where the lost of
packets is significant. We present here the flooding
strategies only. Each node maintains the hop distance
to the sink node, and each packet is transmitted
with the hop distance of the node. A packet will
be rebroadcast if and only if the hop distance of
this node is no larger than that of the sender. If the
packet will be rebroadcasted, the delay time will
be calculated according to the delay coordination
function.

• delay transmit: This layer maintains a timeout queue
and the counts for all the packets it has heard. Each
packet sending from this layer will be put into the
timeout queue, and a timer will be set according
to the time delay of the packet. When the timer
expires, the corresponding packet will be retrieved
from the timeout queue. If during the waiting time,
the node hears the same packetN times, then
with probability of p(N) it forwards the packet,
wherep is a monotonic non-increase function ofN
with p(1) = 1, p(∞) = 0, and p(N1) ≥ p(N2)
if N1 ≤ N2. This layer can be used with any
flooding protocol, e.g., constrained flooding [12][14]
or the comb-needle model[6], to reduce collision and
increase energy efficiency.

• transmitqueue: This layer maintains a buffer of
outgoing packets when the radio transceiver is busy
sending or receiving.
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C. Additional Convergecast Layers

Using the layered architecture, one can incorporate
other routing components into the convergecast frame-
work. Components that would improve the converge-
cast performance includeduplicatetransmit and aggre-
gatequeue.

• duplicatetransmit: Duplicated transmission using
priority management has been implemented in
DFRF [7], a directed flooding routing which has
been applied to the application of Shooter Local-
ization [9]. Using this component, each packet has
an age field which is zero the first time the packet is
heard and will be increased every time the packet is
transmitted. The older the age, the lower the priority.
Packets in the transmit queue are ordered by the
priorities. There is a maximum age, and packets that
reach the maximum age will be dropped. Duplicated
transmission increases the delivery ratio, at the ex-
pense of extra energy consumption. It should only
be used in applications where high delivery ratios
are critical.

• aggregatequeue: Packet aggregation is an efficient
mechanism that increases delivery ratios and reduces
energy consumption at the same time, if packet sizes
are fixed. In this layer, maximumN packets will
be assembled into one packet before sending, and a
packet will be dissembled toN packets after receiv-
ing. However, packet aggregation is only possible
when the packet data size is much smaller than the
maximum data size of the transmission frame at
the MAC layer. In the shooter localization applica-
tion [9], maximum four packets are aggregated into
one packet for transmission.

Adding both layers, a convergecast protocol becomes:
application → initialization → convergecast →
delay transmit → duplicate transmit →
aggregate queue → MAC.

IV. SIMULATION RESULTS

Two convergecast experiments are conducted and per-
formances are evaluated. The first experiment is on a
uniformly deployed network with all the nodes sending
one packet almost at the same time (within 0.25 sec-
onds). This example is used for theoretically analyzing
the tradeoffs among latency, throughput, delivery ratios
and energy consumption. The second example is from
a real application “shooter localization” [9] where the
network topology and event traces are obtained from the
real experiments.

In the next, we first describe the radio model and
performance metrics that are used for comparisons of
routing strategies.

A. Radio Model

Our simulation of the convergecast coordination strat-
egy is performed in Rmase [13], built on Prowler [8]
which provides a probabilistic radio propagation model
and the CSMA MAC protocol for Mica motes [2].

The radio model attempts to simulate the probabilistic
nature in wireless sensor communication observed by
many [15][10]. It determines the strength of a transmitted
signal at a particular point of the space for all transmitters
in the system. Based on this information the signal
reception conditions for the receivers can be evaluated
and collisions can be detected. The transmission model
is given by:

Prec,ideal(d) ← Ptransmit
1

1 + dγ
, where 2 ≤ γ ≤ 4 (9)

Prec(i, j) ← Prec,ideal(di,j)(1 + α(i, j))(1 + β(t)) (10)

wherePtransmit is the signal strength at the transmitter
andPrec,ideal(d) is the ideal received signal strength at
distanced, α and β are random variables with normal
distributions N(0, σα) and N(0, σβ), respectively. A
network is asymmetric ifσα > 0 or σβ > 0. In (10),
α is static depending on locationsi andj only, andβ is
dynamic which changes over time. A nodej can receive
a packet from nodei if Prec(i, j) > ∆ where∆ > 0 is
the threshold. There is a collision if two transmissions
overlap in time and both could be received successfully.
Furthermore, an additional parameterperror models the
probability of a transmission error caused by any other
reasons. In our experiments, the radio model is set with
σα = 0.45, σβ = 0.02, andperror = 0.05. The threshold
reception is set to be∆ = 0.1.

The radio transmission rate is set to be 40Kbps,
and each packet has a fixed size of 960 bits, i.e., the
maximum possible throughput can be as high as 40
packets per second.

Since the CSMA MAC model and its characteristic is
relatively well-known, we omit the detailed description
due to page limit.

B. Performance Metrics

We have developed a set of performance metrics
for comparing different routing algorithms, including
latency, throughput, delivery ratios, energy consumption,
etc.
• Latency: The latency of a data packet measures the

time delay of the packet from the source to the
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sink. If n packets have arrived, latency is given
by

∑
i di/n, where di is the latency of theith

packet. Note that we use latency rather than the
number of hops as the metric since latency consists
of not just the number of hops, but also the length
of transmission queues, the random delays at the
MAC layer, and deliberately added delays in routing
algorithms to avoid collisions.

• Throughput: Throughput of data measures the num-
ber of data packets per second received at the sink.

• Delivery ratio: The delivery ratio of a network
measures the total number of data packets received
at the sink vs. the total number of data packets sent
from all the sources.

• Energy consumption: The energy consumption is the
sum of used energy of all the nodes in the network
from the beginning, where theused energy of a node
is the sum of the energy used for communication,
including transmitting, receiving, and idling. All the
convergecast algorithms in our study do not use
sleep schedules and every node uses the same power
for transmission. Therefore, the energy consumption
is linear to the total number of packets sent in the
network. In this simulation, for simplicity, we set
energy consumption proportional to the total number
of transmissions. A realistic energy model has been
built in Rmase and used in research for minimum
energy configuration of sensor networks [11].

• Energy efficiency: Energy efficiency is defined to be
the ratio between the total number of data packets
received at the sink vs. the total energy consumption
in the network.

C. Performance Tradeoffs using Radial Coordination

The simulation is performed on a uniformly deployed
10x10 network, as shown in Figure 2. Note that not only
the connectivity is not symmetric (σα = 0.45), but also
there is a small dynamic variance (σβ = 0.02) and a
probability of error (perror = 0.05).

Assume that every node except the sink needs to send
out a packet within 0.25 second time frame. By varying
the delay coefficientτ in formula (7) or (8), one can
control the latency and the delivery ratio. In this experi-
ment, four strategies are compared: inward and outward
delay coordinations with and without aggregation (where
4 packets are packed into one for transmission). A total
of 10 random runs were conducted for each test. Figure
3 show the tradeoffs between latency and delivery ratios
by varying the delay coefficientt. For the outward and
inward delay schemes,τ is set to be0.025t and0.0036t

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Snapshot of Connectivity for a 10x10 Network
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Fig. 3. Performance Tradeoff using Radial Coordination: (a) Latency
vs. Delay Coefficient; (b) Delivery ratio vs. Delay Coefficient

seconds, respectively. We see that for all strategies, both
latency and delivery ratios increase with the increase
of delay coefficients. Without the radial coordination
(i.e. τ = 0), the delivery ratio is only less than 10
percent, and with radial coordination, the delivery ratio
can go above 90 percent. For different applications with
different performance requirements, one can select the
bestτ that fits the purpose. For example, if high delivery
ratios are important, one may want to increaseτ ; on the
other hand, if the low latency is important, one should
choose a smallτ instead.

Figure 4 show the results comparing different strate-
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Fig. 4. Performance Comparisons using Radial Coordination: (a)
Throughput vs. delivery ratios (b) Energy Consumption vs. delivery
ratios

gies under the same delivery ratios. We see that (1)
inward strategies have high throughput, and (2) the use
of aggregation always improves the performances.

D. Shooter Localization

Shooter localization [9] is a real example of converge-
cast; the application is used for getting all the acoustic
data that are above certain threshold to the base station,
so that the source of the sound can be located. In this
experiment, the network topology (Figure 5), the sink
location and the event trace data are obtained from
the actual experiments on the hardware platform. The
network is about 10 hops.

The original algorithm used in shooter localization
DFRF [7] is compared with the four convergecast strate-
gies using radial coordination. Similar to our algorithms,
the original algorithm, “directional flooding”, uses “hop-
distance” to flood the packets to the sink node, where
“hop-distance” is generated in the initialization phase.
No extra delay is added to packets. Using duplicated
transmission, each packet may be transmitted up to
3 times to increase the reliability and 4 packets are
aggregated into one before transmission. Four strategies
are used to compare with the original algorithm: (1)
outward with aggregation, (2) inward with aggregation,
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Fig. 5. Node Distribution in Shooter Localization Experiment

(3) outward with aggregation and duplication, and (4)
inward with aggregation and duplication. Figure 6 shows
the latency (a), throughput (b), delivery ratio (b) and
energy efficiency (d) for all the algorithms applied to
this application scenario. We can see that (1) outward
with aggregation and duplication has the highest delivery
ratios, (2) inward has lower latency than that of outward,
and (3) inward without duplication has the highest en-
ergy efficiency.

V. CONCLUSION

Convergecast is frequently used for supporting
various tasks in sensor network applications, yet its
performance has not been extensively studied. In this
paper, we have investigated the problem of packet
loss in convergecast process in large scale networks
due to congestion and collisions near the sink, and
proposed a coordinated convergecast framework for
achieving higher convergecast reliability. Using a
layered routing architecture, we have also integrated
other routing components such as aggregation for
efficiency and duplication for high reliability. We
studied the performance of various strategies via
simulation and show the tradeoffs among reliability,
latency, throughput and energy consumption. We
also demonstrated in a real application scenario that
radial coordination achieved dramatic improvement in
reliability comparing to the original protocol for the
application. From our simulation, we see that even
though coordinated convergecast improves reliability, its
throughput is far from the maximum possible limit. For
future work, we will investigate optimal scheduling for
approaching maximum convergecast throughput.
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