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Abstract—As the important step towards building the large
scale cognitive radio network in TTU(Tennessee Technological
University), a wireless distributed sensor network has been
embedded into a novel radio cluster, in which the cluster nodes
are running over the SDR(Software Defined Radio) platform,
e.g., USRP(Universal Software Radio Peripheral). This network
demonstrates the combination of the wireless distributed sensing
applications with corresponding communications capability. The
SDR based sensing nodes are capable of sensing the environment
in real time manner, while keeping the wireless networking simul-
taneously. The centralized network topology with round-robin
control protocol has been deployed. The network implemented in
this paper enables the real time wireless sensing and big network
data fusion. The centralized and distributed computing schemes
are demonstrated considering wireless distributed sensing appli-
cations. For low data rate networking, the in-network distributed
processing of the SDR nodes plays key role to the mobile sensing
applications, in accelerating the computing as well as reducing
the traffic burden and processing delay.

Index Terms—Wireless Sensor Network, Distributed Comput-
ing, Software Defined Radio (SDR)

I. INTRODUCTION

Mobility, as the most important attribute of the wireless sen-
sor network, brings challenges to the researcher and industrial
user. Two limitations, communications and computing, in the
wireless network compose the main bottleneck to pursue real
time capabilities for many applications.

The goal of the sensing nodes control for the wireless sensor
network is to provide efficient data collection procedures
with strict time and energy budget. The opportunistic access
protocol and the predictable data access control are both
investigated [1] [2]. The latter is chosen for our testbed due to
better expected efficiency . A round robin control protocol is
well designed and implemented on the software defined radio
network.

Distributed or parallel computing has been introduced into
wireless sensor network for many data intensive applica-
tions [3]. These applications require real time information
update while big sensing data are needed. To minimize
the communications traffic, some computing accelerators can
be considered. Three levels of computing accelerators have

been discussed: parallelizing algorithm, scoped computing,
and hardware/software parallel computing. In the algorithm
level, the task or data decomposition is the main method.
The computing resource of the whole network could be fully
utilized to mitigate the limitation of each node. In addition,
instead of moving all the collected raw data to a centralized
computing server, the local scope computing can be involved
with more weight, depending on the applications. Only the
necessary intermediate filtered data are exchanged within the
bandwidth limited network.

The combination of communication and computing over the
wireless sensor network raises the challenges on the nodes
platform development. The traditional commercial communi-
cations devices could be embedded into sensors. However, the
capability of local processing is a bottleneck, especially when
flexible collaborative computing is needed. Software defined
radio platform is a good candidate to implement the duality of
sensing and communications for the wireless sensor network.
In the experimental wireless sensor network testbed presented
in this paper, the USRP [4] [5] has been used as the sensor
node platform.

The rest of the paper is organized as following: in the second
section, we propose a centralized architecture of the wireless
sensor network testbed, in which a round-robin control proto-
col is implemented for efficient data collection and processing.
Then hardware and software architecture of each sensor node
and the control head is presented with some proposed features.
In the next section, the distributed/parallel computing that
can be embedded into this wireless sensor network testbed is
discussed. The message passing abstraction is also discussed
for SDR based wireless sensor network.

II. NETWORK ARCHITECTURE AND CONTROL FOR
WIRELESS SENSING DATA COLLECTION AND PROCESSING

A large scale wireless sensor network can be deployed to
collect big data for data intensive applications. This network
could contain hundreds of sensing nodes, in a wide geomet-
rical scope. Two categories of network architecture can be
considered. The first choice is the ad-hoc network model.
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In this model, the network with a self-organized topology
is robust in security and maintainability, due to its self-
healing attribute. The routing of the sensing data in the ad-hoc
wireless sensor network is very flexible but opportunistic, as
the traffic is mainly relayed by adjacent nodes with resource
optimization. The other choice is the centralized wireless
network, in which some of the network nodes act as the
head and the others work as sensing nodes. The sensing
data collected by the sensors are all transfered to the head.
And the head is also responsible for the data access control
of the network nodes. The centralized wireless network is
vulnerable to be attacked. The whole network could collapse
when the head is down. However, the centralized network
is more feasible in our testbed. The communications in ad-
hoc network has overhead in nodes relaying which decreased
the bandwidth utilization. Meanwhile, within the centralized
network, the data collection procedure is easier to be controlled
with simple synchronization. The operation/control delay can
be less opportunistic by careful design of the data access
protocol.

A centralized wireless cluster implemented over the soft-
ware defined radio platform is presented as Figure 1. In this
cluster, one cluster head will lead up to ten cluster nodes.
The cluster nodes are capable of performing both sensing and
communications with the cluster head. The wireless commu-
nications between the cluster head and the cluster node can
be implemented based on the arbitrary physical layer, like the
OFDM modulation, or the traditional GMSK [6], PSK, etc.,
depending on the hardware/software resource of the adopted
SDR platform. On the cluster head, a cluster control state
machine is implemented to control the data collection from
the cluster nodes.

The overall procedure of the data collection is: at the first
round of the data collection, the cluster head broadcasts the
command of start sensing to all the sensing nodes, indicating
the sensing start time T1 and how many samples are to be
collected from each node in this round of collecting. All
the sensing nodes who receives the start sensing command
will initiate the sensing at same time T1 and collect the
samples with specified numbers. Also, the sensing duration is
determined by the sampling rate and sample numbers. After
the sensing is completed, the sensing nodes will switch to the
communications mode to report the sensing data to the cluster
head individually. Once the cluster head detects the completion
of the data reporting from all the sensing nodes, it will initiate
another round of sensing and data collection with the same
procedure, controlled by the system user programming.

The protocol used for the data collection control can be
based on CSMA or round robin manner. If CSMA is adopted,
the messages exchanging for the collection procedure is sim-
pler than round robin manner. The sequence diagram of the
CSMA based data collection procedure is shown as Figure 2.
In the stage of reporting data, the cluster head does not
need to synchronize the transmission of the sensing nodes.
By adding the node number into the data packet format, the
cluster head can easily monitor if all the nodes have completed

Fig. 1. Cluster.

data reporting, even though the reported data can be out
of order due to the random transmitting conflict. However,
with the expanding of the cluster size (number of nodes), the
probability of the transmission could be increased. Sometimes
the time overhead on resolving the conflict can bring too
much delay to the data collection. This unnecessary delay
will impact the real-time performance of some applications,
like the passive target position tracking which requires instant
position update. On the other side, to ensure the network work
properly, the CSMA threshold at each sensor node and cluster
head should be adjusted carefully to increase the detection
probability while decreasing the false detection probability.
This threshold could be set manually or adaptively. In either of
the ways, the unnecessary complexity and the indeterministic
attribute are not good for the data collection procedure.

If the data collection procedure in round robin manner is
used, as shown in Figure 3, the cluster head has full control
on the data transmission of the sensing nodes during the data
reporting stage. The state machine on the cluster head will
initiate the data reporting of the nodes sequentially, from the
node 1 to node n. Only after the previous node completes
the data reporting, the head notifies the next one to report the
data. When other nodes are reporting the data, the node itself
just needs to keep the sensing data in its local database. The
cost of such full control of the data collection procedure is
that more commands are needed to notify the next node about
the completion of the data transmission of the previous node.
But this command could be very short which introduces only
very little delay. In this model, all the delay, being composed
of the data transmission and commands exchange, is almost
predictable. With careful sequence optimization, the redundant
delay can be very limited. To some extent, the round robin
control procedure digs out most of the efficiency of the data
collection, with deterministic behavior.

This cluster can be extended to a large scale wireless sensor
network very easily in a scalable way, as Figure 5 which
is proposed in [7]. The heterogeneous wireless clusters are
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Fig. 2. Sequence Diagram of CSMA Based Data Collection.

Fig. 3. Sequence Diagram of Round Robin Control Based Data Collection.

integrated into a bigger network. The connection between
clusters can be wired or wireless.

Our current wireless sensor network testbed is using the
software define radio - USRP as the node platform. GPS is
attached onto each node to achieve the network time synchro-
nization, as shown in Figure 4. Thus, for each round of the
data collection, the start sensing time can be specified by the

Fig. 4. USRP platform with GPS installed.

Fig. 5. Overall architecture of the testbed for large scale cognitive radio
sensing network [7].

Fig. 6. Software Architecture of USRP Based Sensor with Communicator.

head by getting the GPS time from the USRP. The UHD driver
on the host PC has the software API to read the GPS time.
The software architecture at the cluster node and cluster head
is presented in Figure 6. For the cluster node, the frequencies
used for communications and sensing are different. The sensed
samples and the wireless communications information are both
delivered to the host PC by the Gigabytes Ethernet interface.

III. DISTRIBUTED AND PARALLEL COMPUTING OVER THE
WIRELESS SENSOR CLUSTER AND THE RELATED

APPLICATIONS

Communications capability is always a challenge for the
wireless sensor network. In this section, our goal is mini-
mizing the communication traffic in need by introducing the
distributed or parallel computing within the network scope.

The first aspect in discussion is the algorithm decomposition
based on our network testbed with round robin control pro-
tocol. As we know, the parallel computing interface like the
MPI(Message Passing Interface) is supported in the one-to-
all and all-to-one communications mode between the leading
processing node and sub-nodes. The MPI programming can
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Fig. 7. Data Decomposition of Matrix-Vector Multiplication.

support the data decomposition parallel computing for the
typical atomics algorithm like the Matrix-Matrix/Vector mul-
tiplication. Similarly, our centralized wireless sensor network
cluster supports the one-to-all and all-to-one communications
with predicable performance by using the round robin control
protocol. For example, some applications need to fully utilize
the network computing resource to perform tasks like the
Matrix-Vector computation. As indicated in Figure 7, the
dimension of matrix is 4 by N . The dimension of vector is
N by 1. The cluster head can broadcast the vector to all the
nodes firstly. Then a block decomposition of the row data is
performed in a even manner, i.e, the row 1 is sent to node 1,
the row 2 is sent to node 2, and so on. Thus the computing is
parallelized by dividing the Matrix-Vector multiplication to the
Vector-Vector multiplication at each node. Finally, the cluster
head collects all the partial results from the nodes and does the
data fusion. This procedure has no difference with MPI parallel
computing over the wired connection. But for the resource
limited wireless network, it can be seen that our testbed can be
used as an ideal experimental network system for investigating
the real challenges of implementing the parallel computing
over the wireless connections.

The more practical view should be placed on those appli-
cations which need the local processing, i.e., the in-network
processing. Instead of delivering the raw sensing data to the
cluster head, all the nodes should filter the raw data firstly and
then transfer the necessary information to the cluster head to
make the decision. The simplest but useful example is from
the application that requires the frequency domain information
at each sensor node. In the paper [8], the network data used
for machine learning is composed of the OFDM sub-carriers
information derived from all the network nodes. It will bring
big burden and delay for the real-time target tracking if all the

time domain data are transfered to the cluster head and then the
Fast Fourier Transform Algorithm (FFT) is performed at the
head. For example, if the sensing waveform is using 40 sub-
carriers of OFDM signal. To get the sub-carriers information
at each node, the 1024 samples are collected by every node
in each round. Each sample is of complex type with size of
8 bytes. Thus the total data delivered to the cluster head, in a
network cluster with 10 nodes, would be 81920 bytes. If the
FFT operation and the following feature extraction are done
at each node and only the vector after feature extraction is
delivered, only 240 Bytes of data are needed by the cluster
head. In the latter way, not only the communications traffic
is significantly decreased but also the processing delay is
decreased as the cluster head does not need to perform the FFT
operation for all the nodes. The in-network processing method
can be regarded as a kind of task-decomposition parallelism.

Finally, beside the network scope parallelism, each SDR
based node can be improved in computing capability with
combining some shared memory parallel computing mech-
anism. For the USRP platform plus host PC, the available
parallel tools include the integrated GPU [9], multi-threads
programming, SIMD accelerator - Vector-Optimized Library
of Kernels (VOLK) [10], etc.

Concrete examples in wireless spectrum sensing will show
the capabilities of this SDR based radio network.

a) Covariance Based Spectrum Sensing: The covari-
ance based signal detection method has been widely used
for wireless spectrum sensing in cognitive radio network
[11] [12] [13] [14]. The eigenvalues or trace of the sample
covariance matrix are used for signal detection in these al-
gorithms. The computing overhead mainly reside in sample
covariance matrix generation based on the sensing samples.
We have demonstrated how the SIMD based programming is
used to accelerate the computing speed for calculating sample
covariance matrix, as shown in Figure 8.
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Fig. 9. Parallel computing over SIMD and multi-thread for outer product.
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Fig. 8. Real-time computing for calculating sample covariance matrix and its eigenvalues.

Consider a random vector y ∈ Cn. The corresponding
covariance matrix is Y ∈ Cn×n. In the experiment, each
observation is denoted by yi ∈ Cn. The sample covariance
matrix calculated, i.e.,

Ŷ =
1

N

N∑
i=1

yi

⊗
yi − ȳ

⊗
ȳ (1)

where
⊗

represents the outer product of two vectors, and ȳ
represents the sample mean of the random vectors. By ordinary
programming, the computing delay for a sample covariance
matrix calculation with n = 32 and N = 800 is around
15ms. Thus, some preliminary optimization for generating this
sample covariance matrix has been made.

In this example, calculating the outer product of two iden-
tical vectors is the main time consuming procedure. As ex-
plained in Figure 9, the outer product operation is decomposed
into vector multiplication via a sliding way. In each step, only
the green elements of the vectors are used to generate the
corresponding elements for the output outer product matrix.
The SIMD programming is adopted to perform the vector
multiplication and the different multiplications can be arranged
into multiple threads. After such an optimization over parallel
computing, the computing delay is greatly reduced to less than
2.5ms, which is a 6-speed improvement.

The result of the real-time computing of the sample co-
variance matrix is encouraging. It unveils the possibility to
integrate the desired algorithms into the network testbed.
Parallel computing as well as the high-performance computing
will be explored for algorithm speedup.

b) Distributed and Collaborative Sensing: Other poten-
tial important applications of our SDR based radio network
include the distributed sensing or collaborative sensing. By
leveraging the spatial diversity of the network deployment,
the distributed sensing can be applied to deal with the hidden
terminal problem that the single sensor faces. The distributed
sensing system can also decrease the sensing time while
collecting more sensing data for decision making. Meanwhile,
the challenges come from the constraints in communications,
computing, energy and efficiency. The in-network processing

capability shown in previous sections will enable the soft deci-
sion combination where only the intermediate sensing results
are needed to be reported to the leading node instead of the
raw data. Thus the communications overhead is reduced signif-
icantly. Sometimes, to further improve resource efficiency, the
optimal sensor management mechanism is needed to handle
the communications constraints [15]. Dynamic programming
algorithm can be used for this application [16] [17]. The
parallelization and implementations of the corresponding op-
timization algorithm are interesting topic on this SDR network
platform.

IV. CONCLUSION

This paper presents a SDR based raido network which is
applicable to perform wirless distributed sensing and comput-
ing. The network is designed as composed of centralized wire-
less clusters which is beneficial to perform efficient network
control and data collection. A round robin control protocol is
implemented over the popular USRP platform. The experiment
and analysis have shown the feasibility to introduce the data-
decomposition parallelism and task-decomposition parallelism
into this network, for those applications requiring the real-time
performance. In the future, more applications and research
experiments will be carried out on this wireless distributed
sensing and computing network, especially when the network
is extended to highly mobile platform like UAV(Unmanned
Aerial Vehicle).
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