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Abstract— The predominate traffic patterns 

in a wireless sensor network are many-to-one 
and one-to-many communication. Hence, the 
performance of wireless sensor networks is 
characterized by the rate at which data can be 
disseminated from or aggregated to a data sink. 
In this paper, we consider the data aggregation 
problem. We demonstrate that a data aggrega-

tion rate of 
  
Θ logn n( )  can be achieved in wire-

less sensor networks using a generalization of 
cooperative beamforming called cooperative 
time-reversal communication. 

I. INTRODUCTION 

The design and analysis of wireless sensor net-
works differs from that of more general data communi-
cation networks in that the predominate traffic pat-
terns in a sensor network are many-to-one and one-to-
many communication. The performance of wireless 
sensor networks is thus characterized by the rate at 
which data can be disseminated from or aggregated to 
a data sink. In [17], we have investigated the broad-
cast capacity and information dissemination rate of 
multihop wireless networks. In this paper, we consider 
the reverse problem, data aggregation, which concerns 
the maximum sustainable rate at which each sensor 
can transmit data to the sink under a power con-
straint. 

Capacity bounds for the data aggregation problem 
have been established in [4, 9]. In [9], the capability of 
large-scale sensor networks to measure and transport 
a two-dimensional stationary random field using sen-
sors equipped with fixed scalar quantizers was investi-
gated. It was shown that as the density of the sensor 
nodes increases to infinity, the total number of bits 
transmitted to the sink in order to represent the field 
with a given level of fidelity also increases to infinity 
under any compression scheme. At the same time, the 
single-receiver transport capacity of the network re-
mains constant as the density increases. 

In [4], the more general problem of computing and 
communicating a symmetric function of the sensor 
measurements is investigated. It was shown that for a 
certain class of functions, called divisible functions, the 
maximum rate (or the maximum frequency) at which 
the function f can be computed and communicated to 

the sink satisfies 
   
Θ 1 log R f ,n( )( )( ) , where n is the 

number of sensors in the network and 
   
R f ,n( )  is the 

range of the function f. Since computation of the iden-
tity function is equivalent to the transport all raw 
data, and the identity function is a divisible function 

with 
   
R f ,n( ) = X

n
 for some 

 
X < ∞ , 

  
Θ 1 n( )  is a tight 

bound on the achievable throughput for each sensor. 
Both of the studies discussed above assume a sim-

plified protocol model for the wireless channel. This 
model does not take into account the time-varying or 
non-deterministic nature of many channels and makes 
simplified assumptions regarding link capacity. For 
example, a Raleigh fading model is often more appro-
priate for nodes dispersed over a large region in an 
environment subject to multipath propagation, and 
link capacity is more accurately modeled as a function 
of signal-to-interference-and-noise ratio (SINR). None-

theless, the 
  
O 1 n( )  upper bound is not at all surpris-

ing and, as we demonstrate, remains valid for more 

complicated channel models. Indeed, the 
  
O 1 n( )  upper 

bound reflects the basic observation that for data ag-
gregation in a multihop environment, the traffic load 
increases for nodes closer to the sink, and the total 
achievable rate is limited by the maximum rate at 
which the sink can receive information from its neigh-
bors. 

One approach to improving the data aggregation 
rate in the network is to employ cooperative communi-
cation techniques [6, 10, 11, 13, 16]. In this paper, we 
consider a cooperative transmission strategy based on 





 

 

Using these lemmas, we establish our main result 
in the following manner. To maximize the rate of data 

fusion at the sink, we divide the  n ! n  grid into 
three areas as shown in Figure 1. In Areas I and III, 
data are aggregated using naive multihop relay on 
balanced trees. In Area II, nodes are organized into 

 R ! R  square clusters. Data are first broadcast among 
all nodes inside the cluster (intra-cluster communica-
tion), then all nodes in a cluster cooperatively perform 
time reversal communication towards the sink (inter-
cluster communication). Communication in each dis-
tinct area is carried out in non-overlapping time slots 
independently. This allows different communication 
strategies to be used without interfering with one an-
other. The rate sustainable for each sensor in the net-
work is determined by the minimum of the achievable 
rates in each area. 

 
Figure 1. Partition of the network into three dis-

tinct Areas 
In the following, we let λ be the rate achievable for 

each sensor, and we consider the collection of clusters 
comprising Area II with centers at distance no greater 

than   2d  from the sink. Each cluster is a square with 
sides of length R. The number of clusters in Area II is 
roughly   M = (2d + R) / R , and the number of nodes in 

each cluster is   m = R2 . Similarly, the number of nodes 

in Area I is approximately 
  
n1 = (2d ! R)2  and the num-

ber of nodes in Area III is approximately 

  
n3 = n ! 2d + R( )2

. Since we are interested in the rate 

of growth in achievable rate as   m,n ! " , we use the 
result of Corollary 1 to characterize the asymptotic 
capacity of the TRC links, and we rewrite it using 
more compact notation as 

  

rTRC ≈ B log 1 + m2d−α

BN0 ′K
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where  ′K  is appropriately defined. Similarly, we re-
write the result of Lemma 2 as 

  

R k( ) ≥ B

4 k +1( )2
log 1 + 1

BN0 ′′K


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




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, 

where  ′′K  is appropriately defined. 
Achievable Rate in Areas I and III: In Area III, 

we construct trees rooted at a border node of a cluster. 
The trees are well balanced such that the size of each 

tree is approximately 
  

n − 2d + R( )2





M . By Lemma 2 

with   k = l = 1 , each root node can receive information 
from its closest neighbor at rate 

  
R 1( ) = B

16
log 1 + 1

BN0 ′′K


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
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. Therefore, the sustainable 

rate in Area III satisfies 

 

  

n − 2d + R( )2

M
λ ≥ B

48
log 1 + 1

BN0K "


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






. (1) 

Similarly, in Area I, using naïve multihop data fu-
sion [4, 9], we have 

 

  

2d − R( )2
λ ≥ B

16
log 1 + 1

BN0K "







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. (2) 

Achievable Rate In Area II: From Corollary 1, 

we know that each cluster of size   R
2  can transmit at 

rate 
  
B log 1 + R4d−α

BN0 ′K





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 to a node at distance d. Using 

TDMA to separate the cluster transmissions, the effec-
tive rate of each cluster is then 

  
rinter = B

M
log 1 + R4d−α

BN0K '







. On the other hand, assum-

ing that we separate intra-cluster and inter-cluster 
communication into different time slots and allow all 
clusters to perform intra-cluster communication con-
currently, the intra-cluster broadcast rate is given by 

  
rintra = B

16
log 1 + 1

BN0 ′′K







, as in Area I. If  M ! " , it 

follows that the total effective achievable rate for each 
cluster is given by 

  

rintrarinter

rintra + rinter

≈ rinter = B
M

log 1 + R4d−α

BN0K '
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. 

Now, since the nodes in Area II must transport all 
of the traffic from Area III to the sink, the amount of 
traffic that each cluster must carry is given 

by
  

λ
M

n − 2d − R( )2



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. If we let  d = nβ and  R = nγ  

with
 
0 < γ < β < 1

2
, then the sustainable rate in Area II 

satisfies 



 

 

  

λ
M
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≈ λ
M

n − 4d2( ) ≈ n
M

λ ≥ B
M

log 1 + R4d−α
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or equivalently that 

 

  

λ ≥ B
n

log 1 + R4d−α

BN0K '
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. (3) 

Achievable Rate for the Network: Comparing 
Equations (1)-(3), we see that the entire network can 

sustain a rate of 
  
Ω B

n
log 1 + R4d−α

BN0K '





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





. Furthermore, if 

 ! < 4  and we choose 
 
0 < γ < β < 4

α
γ  with 

 
β < 1

2
, then 

we can achieve a sustainable rate of 
  
Ω logn

n




  bit/s per 

node, as claimed. 

V. CONCLUSION 

We have established that a sustainable data aggre-

gation rate of 
  
Ω logn n( )  can be achieved using coop-

erative TRC in a wireless sensor network in situations 
where the path loss exponent satisfies  2 < ! < 4 . It is 
not as yet clear whether this rate can also be achieved 
for  ! > 4  using a different protocol. What is clear is 

that the rate 
  
Ω logn n( )  is in fact order-optimal for 

data aggregation. This follows immediately from the 
“genie-aided” upper bound that can be derived from 
results in [15] where it is shown that the capacity of a 
multiple-input, single-output fading channel with n 

transmitting antennas, approaches 
  
B log 1 + nP BN0( )  

for large n. Hence, if we could somehow achieve an in-
finite broadcast rate for exchange of information be-
tween all nodes in the network excluding the sink, and 
if all nodes remained at constant distance from the 
sink as the number of nodes in the network grew to 
infinity, the achievable data aggregation rate for the 

network would still be 
  
O logn n( )  bits/s per node. 

Since we have demonstrated that 
  
Ω logn n( )  is 

achievable, the data aggregation rate is 

thus
  
Θ logn n( ) . 
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