
I. I NTRODUCTION

A fundamental problem in wireless communication is pro-
viding efÞcient and reliable end-to-end packet delivery [21],
[25], [23], [19], [24], [14], [9]. Because wireless links tend to
be unreliable due to factors such as interference, attenuation,
and fading [11], [24], [27], [4], [28], previous protocols for
reliable communication have tried to use two approaches to
recover from corrupted packets, namely, packet retransmis-
sions and forward error correction (FEC). Both approaches are
sensitive to link quality. When links are weak, packet retrans-
missions are expensive since the energy spent on a failed node-
to-node transmission is completely wasted. Similarly, FEC is
expensive since it must be designed for the worst case if
channel conditions change frequently. The problem of reliable
energy-efÞcient communication deserves special attention in
wireless sensor networks. Link quality in sensor networks is
usually weaker compared to other wireless systems. Many
links can have a loss probability well above50% [11], [27].
Additionally, link quality is marked by signiÞcant variability
due to changes in the environment. Meanwhile, the energy
constraints of sensor networks are much more severe, because
of the unattended nature of many sensor network applica-
tions [22], [12]. Therefore, it is imperative to design protocols
in wireless sensor networks that implement efÞcient measures
for minimizing energy loss.

This work takes inspiration from one class of promising
techniques known ascooperative communication[13], which
exploits the broadcast nature of wireless communication to im-
prove energy efÞciency. We refer to ExOR [2] and MRD [17]
as two recent protocols in this area. However, designed for

wireless networks (MANET), these protocols are not suitable
for typical sensor network applications for three reasons.
First, to reduce product cost, current sensor nodes are usually
equipped with low-cost transceivers, such as CC2420 [5],
which are quite different from the more powerful radio systems
typical to other wireless networks. One restriction is the frame
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And to admit D, it must satisfy:

S > C1 + C2 + C3 (9)

Results 4 and 9 show the requirements for one neighbor
node to be accepted as a helper. The admission algorithm
simply applies these requirements to each neighbor to obtain
a cluster.

To have an intuitive understanding of the above require-
ments, we give an example. Suppose that in a sensor network,
the length of a data packet is30 bytes, the length of a control
packet3 bytes, and the link between A and B has a quality of
(0.5, 0.5). Inequality (4) and Inequality (9) reduce to quadratic
functions, and indicate that an intermediate helper C must have
a link to B with pCB > 0.58 (assumingp = q), while a distant
helper D only requires a link to B withpDB > 0.27 (assuming
p = q), to improve performance.

C. Address Translation

The address translation module translates next-hop node
addresses into next-hop cluster addresses. Each receiver forms
its own cluster. Therefore, a natural design choice is to use
the next-hop node address itself as the cluster address. In the
CBF architecture, an optional design choice is that for each
hop, the sender speciÞes whether the next-hop transmission
will use CBF or not. Therefore, an optional Þeld (one bit) is
used in the packet to denote whether CBF is enabled for the
next hop.

D. Forwarder Resolution
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Fig. 5. Cluster Forwarding Scenario

The forwarder resolution module of CBF ensures that no
duplicated packets are delivered. One source of potential
duplicates is when multiple helpers receive the same lost data
packet. Figure 5 shows such an example. We now describe
how such duplicates are removed.

To avoid radio interference between packets, the forwarder
resolution module uses time slots to coordinate between
helpers. In general, the receiver assigns early time slots to
distant helpers because they can potentially bring about more
savings.

The time slot assignment between distant helpers works
as follows. The receiver compares such helpers using the
comparison interface, and assigns earlier time slots to those
with more advances to the destination. Between intermediate

helpers, the approach is different. Because intermediate helpers
send the lost data packet to the receiver anyway, the time slot
assignment is based on comparing link quality between an
intermediate helper and the receiver. Those helpers with better
combined round-trip packet delivery probability,pq, get earlier
time slots.

Note that, although we use time slot assignments in the
resolution procedure, we do not need a time synchronization
service. The reason is that only those helpers that receive
a lost data packet from the sender will wait for their time
slots. Due to the broadcast nature of the wireless medium, the
data packets themselves can serve as implicit synchronization
points, much like the approach used in RBS [8].

Wait to 
receive 
packet

To send 
lost data

Send lost data

Receive a 
lost packet

Wait for 
CTS

Send RTS

Wait for 
its time 

slot

Receive CTS

Start

Time slot 
expire

Channel 
busy

Fig. 6. Intermediate Helper State Transitions
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Fig. 7. Distant Helper State Transitions

We next describe how a helper works during the forwarder
resolution. The state transition graphs of an intermediate helper
and a distant helper are shown in Figure 6 and Figure 7. We
now explain these state transitions. Once one helper receives
a data packet from the sender, it waits for its pre-determined
time slot to send RTS. When its time slot comes, the helper
Þrst listens to check whether the channel is clear. If it is, it
follows with an RTS packet to the receiver. If the receiver
replies with a CTS, this helper gets a permission to proceed.
It either follows with a lost data packet, if it is an intermediate
helper, or follows with a request to become a new sender, if
it is a distant helper.

On the other hand, at the beginning of the time slot, if
the current helper detects that the channel is not clear, it is
likely that a previous helper has got a permission from the
receiver, and is sending the lost data packet. The forwarder
resolution module takes a conservative approach, where the



current helper silently drops the data packet, to avoid any
possible interference between helpers.

To save overhead, CBF could use overhearing to reduce
unnecessary transmissions, if nodes work in listening mode by
default, as is usually the case for the radio circuit of current
sensor networks. The principle of overhearing is that because
the wireless medium is shared, each node can overhear data
packets sent by its neighbor. Both the sender and the helpers
can use overhearing to adjust their actions. At the sender side,
if the sender overhears a data packet being sent out again by
the receiver, it knows that this data packet must have been
received successfully, and safely removes it from its buffer.
At the helper side, if one helper overhears that another helper
has started to send a lost data packet to the receiver, this
helper assumes that the lost data packet can be recovered and
therefore, no longer needs to send its RTS when its time slot
comes.

Finally, the receiver maintains the uniqueness of each data
packet, by following two rules. First, if no distant helpers exist,
it only admits a lost data packet from intermediate helpers
once. Second, if there are distant helpers, it only gives one
distant helper the permission to serve as a new sender. For
all the RTS packets received from helpers after either of these
two actions occurs, the receiver stops sending out CTS packets,
so that all the remaining helpers do not get permissions. This
also explains why RTS packets are sent only once by a helper:
additional RTS packets may lead to undesired trafÞc that not
only consumes extra bandwidth and energy, but also confuses
the receiver.

V. PERFORMANCEEVALUATION

In this section, we present performance evaluation results.
We use four routing protocols as baselines. We implement
CBF as extensions for each of them, and compare the per-
formance of these routing protocols before and after applying
CBF.

A. Comparison Baselines

We Þrst introduce the comparison baselines. We choose four
node-based routing protocols, shown as following.

• Hop-based Spanning Tress [3], [18] (termed SPT-HOP)
• ETX-based Spanning Trees [6] (termed SPT-ETX)
• Geographic Forwarding [15] (termed GF-HOP)
• Geographic Forwarding Extension [20] (termed GF-ETX)
The Þrst baseline, hop-based spanning tree, uses ßooding to

Þnd paths. A shorter path (i.e., one with fewer hops) is con-
sidered better. While such aggressive path-length optimization
has become deprecated (as it tends to choose longer, unreliable
links), the addition of the CBF extension allows opportunistic
use of longer links while providing a reliable alternative as
backup.

ETX-based spanning tree is an adaptation of the ETX-based
DSR from [6], which takes into account the effect of link
quality on routing performance. In [6], the authors showed
that this new routing protocol can achieve better performance,
by associating an ETX-based cost metric to each link. Both

TABLE I
SIMULATION SETTINGS

Radio
Modulation FSK Encoding Manchester

Output Power -7 dBm Frame 50 bytes
Transmission Medium

Path Loss Exponent 3 PLD0 52 dBm
Noise Floor -105 dBm D0 1m

Deployment ConÞguration
Area Height 300 m Area Width 300 m

Node Number 2500 Range 10-25m
Protocols

SPT SPT-ETX GF GF-ETX
Performance Metrics

End-to-End Energy Cost End-to-End Delay

hop-based spanning tree routing and ETX-based spanning tree
routing take advantage of global information to make routing
decisions.

Geographic forwarding is another protocol that has been
widely used in sensor networks. Many variants of this protocol
exist today [15], [20], [9]. Unlike the previous two protocols,
geographic routing does not rely on global topology informa-
tion to make routing decisions. Instead, this class of protocols
makes routing decisions in a localized neighborhood. While
this property makes it more vulnerable to topology holes,
geographic forwarding usually has lower overhead, compared
to spanning-tree-based protocols.

We choose two geographic forwarding protocols, the ba-
sic version and an extension presented in [20]. In this ex-
tension, nodes use both geographic information and link
quality to make routing choices. For each neighbor T, the
sender S will calculate the metricDistanceAdvanced(ST)×
LinkQuality (ST), and choose the neighbor node that maxi-
mizes this metric as the next hop relay, to achieve improved
performance.

B. Simulator Details

Our simulator is implemented as follows. The radio model
is implemented according to [28], with several adjustable
parameters. We set these parameters strictly according to the
hardware speciÞcations of current sensor networks (i.e., we use
CC2420 radio hardware as the reference setting, as shown in
Table I.). These parameters accurately reßect the performance
of MicaZ nodes in that they have the same modulation method
(FSK), encoding method, frame length and path loss exponent.

During each simulation, the simulator deploys 2500 nodes
randomly in a300m × 300m Þeld. A sink is positioned at
the center of the Þeld, and each node sends a packet to the
sink over multiple hops, using different routing protocols.
We choose two evaluation metrics, the end-to-end delay and
energy cost. The delay metric measures how long it takes for
the packet to arrive at the sink, normalized to the time for
transmitting one data packet once. The cost metric is deÞned
as the ratio of the total number of packets, in bits, sent by
all nodes (including all control signals and retransmissions),
by the total number of non-redundant packets received by the
sink. This metric essentially measuresgoodput, and reßects
both communication overhead and energy efÞciency.
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Fig. 8. SPT-HOP Cost
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Fig. 9. SPT-HOP Delay
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Fig. 10. SPT-ETX Cost
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Fig. 11. SPT-ETX Delay
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Fig. 12. GF-HOP Cost
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Fig. 13. GF-HOP Delay

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1

 1  5  9  13  17  21  25  29  33

C
um

ul
at

iv
e 

P
er

ce
nt

ag
e

End-to-End Delivery Cost

GF-ETX
GF-ETX with CBF

Fig. 14. GF-ETX Cost
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Fig. 15. GF-ETX Delay
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Fig. 17. Helpers and Link Quality

C. Evaluation Results

We present the experimental results in Figure 8 to Figure 15.
All results are based on a total of ten rounds of simulations.

The Þgures are organized as follows. Figure 8 and 9 are

results for the SPT-HOP-based routing protocol. Figure 10
and 11 are results for the SPT-ETX-based routing protocol.
Figure 12 and Figure 13 are results for the GF-HOP-based
routing protocol. Figure 14 and Figure 15 are results for the
GF-ETX-based routing protocol.

We have three observations concerning these results. First,
CBF reduces the end-to-end cost and delay for each routing
protocol. Because of the cost-analysis procedure in the helper
admission module of CBF, the reduction in cost is expected.
The reduction in end-to-end delay is more interesting. An
examination of simulation traces reveals that this is attributed
to a considerable decrease in the number of retransmissions:
without CBF, the sender will time-out and resend a lost
packet. Such time-outs considerably increase end-to-end delay.
Therefore, while CBF increases the possibility of successful
hop-wise packet delivery, i.e., fewer time-outs, it reduces the
end-to-end delivery delay as well.

Second, we observe that while the four routing protocols
without CBF have considerably different performance, after
applying CBF, their performance is comparable. The reason is
that CBF exploits spatial diversity and link quality variations.
While a particular routing protocol, such as SPT-HOP and GF-
HOP, may be inefÞcient by choosing weak links, CBF Þxes
their inefÞciencies by aggressively using helpers to transmit
over such weak links, and achieves better end-to-end perfor-
mance. In fact, the resulting performance for these inefÞcient
protocols after applying CBF is comparable to that of routing
protocols that have built-in link-quality-based measures, such
as SPT-ETX and GF-ETX.

A third observation is that the performance improvements
after applying CBF on SPT-ETX (Figure 10 and Figure 11)
are minimal. We analyzed the simulation traces and found
out that in general, SPT-ETX has already selected pretty good
paths using its built-in link-quality-based measures. Therefore,




