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Abstract— In battery-driven multi-hop wireless sensor 
networks, the most highly burdened relay nodes, or bottleneck 
nodes, will die first. These deaths eventually partition the 
network and trap valuable battery energy in the network. In a 
multi-hop wireless sensor network that must harvest energy 
from weak energy sources, the nodes that are one hop away from 
the Sink must sometimes shut down to harvest, so they limit the 
access that the rest of the network has to the Sink. One way to 
lengthen the time-to-partition or increase access to the Sink is to 
exploit some of the would-be-trapped energy to do cooperative 
transmission (CT) range extension to hop over the bottleneck 
node and communicate directly with the next-hop node (e.g., the 
Sink).To do this, approximate range doubling is necessary. In 
this paper, we investigate the potential for range doubling over 
Rayleigh faded channels of four CT schemes that are compatible 
with the IEEE 802.15.4 standard.  We consider the effects of 
path loss disparities and how many cooperators are necessary 
for each CT scheme. 

Keywords-component; wireless communications; cooperative 
transmission; IEEE 802.15.4. 

I.  INTRODUCTION 
Cooperative transmission (CT) is a virtual array technique 

in which multiple single-antenna radios transmit versions of 
the same message through uncorrelated fading channels to 
exploit transmit diversity. The versions are then combined at 
the receiver to provide an SNR improvement, based on 
transmit diversity and array gains [1]. The SNR advantage can 
be used to lower the error rate, extend range, or reduce 
transmit power. IEEE 802.15.4 is a standard [2] designed for 
low data rate, low power consumption, and low cost 
applications. With the spreading of low-rate wireless personal 
area network (WPAN) applications, CT schemes that conform 
to 802.15.4 are increasingly studied [3,4,5]. In this paper, we 
focus on CT range extension techniques for doubling range in 
IEEE 802.15.4 network. 

CT range extension can mitigate certain problems in multi-
hop wireless sensor networks. For example, nodes near the 
sink will be heavily burdened because they must relay the 
packets from the other nodes in the network. In battery-driven 
networks, these nodes will die first and eventually partition the 
network [6], and in networks that do energy harvesting and 
duty cycling, these nodes limit access to the sink node [7]. The 
protocols presented in [6] and [7] apply CT range extension to 
extend network life [6] or increase access to the sink [7] by 
exploiting the energy of less-burdened nodes to “hop over” the 
more burdened or “bottleneck” node. When the hop is directly 
to the sink, the local topology has a “funnel” shape, as shown 

in Fig.1a. When the hop is to multiple nodes on the other side 
of the burdened node, the local network has a “bow-tie” shape, 
as shown in Fig.1b. The bow-tie shape can occur in random or 
constrained deployments; the occasional use of CT in this case 
may save energy compared to routing around the voids on 
either side of the burdened node. 

To assess the effectiveness of a CT-based energy balancing 
scheme, a realistic model of the energy cost of doing CT is 
needed. As a first step towards an energy model, this study 
aims to determine how many 802.15.4 nodes would be 
required to approximately double range for both funnel and 
bow-tie networks. Such knowledge is also helpful in the design 
of CT recruiting and Network Layer protocols that would 
implement CT on 802.15.4 radios. Because co-located 
cooperators cannot be expected in a typical deployment, the 
study also considers the effects of disparities in the path losses 
when cooperators have significant separation. 

Several other authors [3][4][5][8][9] have considered CT 
either for or based on 802.15.4 networks, however, none of 
these have focused on range extension, therefore their results 
will not enable us to determine how many nodes are necessary 
to do range doubling. Instead, these papers focus on reducing 
packet loss or increasing throughput.  The "Poor Man's SIMO 
System" of [3] allows for several standard-compliant diversity 
combining techniques, such as receiver selection diversity and 
post-detection packet combining; we consider these combining 
techniques in this paper. Other authors have proposed diversity 
techniques that require either (1) added hardware, e.g., they 
combine multiple transceivers on one node [4][5], (2) 
concurrent transmission, i.e., the simultaneous and 
synchronous transmissions of cooperating nodes, such as is 
required for the Alamouti Space Time Block Code, which is 
not consistent with the IEEE 802.15.4 standard [8], or (3) 
modification to the RF integrated circuit (RFIC) to enable 
alternative physical layer signal processing [9].  In contrast to 
[4], [5], [8], and [9], we wish to consider schemes that would 
require only software modification to off-the-shelf 802.15.4 
nodes. Compared to [3] and [5] which do only receive 
diversity, we combined transmit diversity with received 
diversity, forming a multiple input multiple output (MIMO) 
cluster to cluster communication. MIMO cluster to cluster 
communication was not addressed in any of the previous 
works mentioned above. Particularly, [3], [5], and [9] consider 
the single input multiple output (SIMO) case whereas [8] 
considers the multiple input single output (MISO) case. We 
also consider transmit repetition which is not included in [3][4] 
[5][8][9]. 
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transmit side or receive side.   :� < G and < :G  have the same 
range extension performance since both of them do receive 
diversity packet combining over : received versions for each 
transmitted packet. When : A F, since :� < G has a benefit 
from majority voting on every bit whereas :� <  does not, :� < G outperforms :� <, and so does < :G. 

B. With path loss disparities 
Since the co-location assumption is not realistic, we have 

to take into account the path loss disparities between different 
transmit cooperator - receive cooperator pairs, which diminish 
diversity gain. We consider the linear network topology 
depicted in Fig. 2. In this figure, T1 and R1 are each only one 
hop away from the bottleneck node, the other cooperators are 
more than one hop away from the bottleneck node. 
Apparently, a necessary condition for a CT scheme to double 
the range in the presence of some path loss disparities is that it 
yields more than range doubling in the co-located case. 
Therefore, we will consider only the CT schemes with c A F. 

Fig. 5 shows the maximum tolerable path loss disparities of 
various 802.15.4 compliant CT schemes. “Maximum 
tolerable” means that >��//////  does not exceed the required 
threshold while range doubling in the middle is still achieved, 
i.e. the cooperation can hop over the bottleneck node and 
communicate directly with the next-hop node or the receive-
side cluster. As described in Section II-D, we found 9[U� by 
first doing a linear regression on the >��//////  values, as a function 
of 9 (an example is shown in the inset), and then using the 
regression line to find 9[U�. Note that CT schemes of the same 
diversity order are grouped together in the figure. 

As we can see, all cases shown allow some path loss 
disparity and balanced topologies allow the most disparity. In 
the co-located case, we saw that certain CT configurations 
outperformed other CT configurations; these same certain CT 
configurations also tend to tolerate more path loss disparity 
than the other configurations. Specifically,   :� < G and < :G 
both tolerate more path loss disparity than :� < ,   :� < =G 
tolerates more path loss disparity than :� < =G  when : A F,  
and F� < =G does not always tolerate more path loss disparity 
than F� < =G . In the co-located case, we determined that a 
minimum of five nodes are necessary to double the range. In 
the path-loss-disparities case, the best five-node configuration, C� < FG, gives 3% path loss disparity, and the best six-node 
configuration, 8C� < CG , gives 8% path loss disparity. For 
example, for a SISO range of 25m, which is the middle value 
of indoor ranges for MICAz [13], an off-the-shelf 802.15.4 
radio, we have 1234536 � 50m, therefore 5 nodes can support 
1.5m and 6 nodes can support 4m separation between adjacent 
cooperating nodes. While these are short distances in a linear 
network, the implied differences in SISO ranges are possible in 
an indoor two-dimensional deployment. 

In this figure, we also observe that the three values of 
packet length, which are 22, 41, and 128 bytes, give similar 
values of 9[U�, for each type of CT scheme. We observe that 
the CT schemes do not have the same ordering for different 
values of frame length, which we attribute to statistical errors.  
When we investigated this, we found that the PER distribution 
has an extreme bimodal shape (many outcomes at zero and at 
one), which implies that PER is approximately a step function 
of SNR. We think this makes the variance of the sample mean 
of the PER high, which leads to slight variations in 9[U�, even 
though we generated a very large number of fading outcomes. 

IV. CONCLUSION  
We have investigated four CT schemes which are 

consistent with the IEEE 802.15.4 standard, namely, Transmit 
Selection, Receive Diversity Packet Combining, Transmit 
Selection and Packet Combining, and Transmit Repetition 
Packet Combining, to extend the transmission range with the 
purpose of hopping over the bottleneck node and 
communicating directly with the next-hop node (e.g., the sink), 
thereby reducing the burden of the bottleneck nodes in the 
network and prolonging their lifetime or the time-to-partition 
of the network. In order to do this, approximate range doubling 
is necessary. In the no-path-loss-disparities scenario, we found 
out that a minimum of five 802.15.4 nodes are required to 
more than double the range. In the path-loss-disparities 
scenario, we found that more nodes are needed to support 
moderate path loss disparities. We determine that balanced 
topologies are most efficient in the first scenario and tolerate 
more path loss disparities in the second scenario.  

For future work, we will consider two-dimensional 
networks and MR combining in the path-loss-disparities case. 
The results of this study, together with a CT MAC protocol, 
can form the basis of a CT energy model. 
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