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Deployment of a vast array of tiny smart sensors (sensor
devices with processors) interconnected over wireless
channels are enabling their pervasive use in a variety of
defense and commercial applications, such as environmental
monitoring (e.g. traffic, habitat, security), industrial sensing
and diagnostics (e.g. factory, appliances), infrastructures (e.g.
power grid, water distributions, waste disposal), and
battlefield awareness (e.g. multi-target tracking). While the
task of developing and implementing pervasive applications
for such a scenario is exciting, it poses tremendous challenges.
Sensor networks are different from existing wireless
communication networks in the sense that sensor nodes are
battery powered and recharging is usually unavailable, so
energy is an extremely expensive resource. In this context,
design of algorithms for processing information in sensor
networks is an emerging research area. The objective is to
design algorithms that are energy efficient but also exploit the
computing resources available in sensor nodes. In this paper,
we present a power-time efficient algorithm for computing
Fast Fourier Transform over data distributed across smart
sensors. The Fast Fourier Transform (FFT) [5] has been
studied extensively as a frequency analysis tool in diverse
application areas such as audio, signal, and image processing
[9], and several other real time data applications [6,8].

I. BACKGROUND

A generic distributed algorithm for 1-d FFT on an input of
N data points requires O(N logN) complex multiplication
operations [7] which is the most time consuming computation
for large data sets. This is particularly true in the case of
sensor nodes having very simple processors. Thus, in order to
develop power efficient distributed algorithms for FFT in a
sensor network, these complex multiplications must be load
balanced so that the energy drain at every sensor is optimized.
For the time being, we assume a simplified model of
communication where all the sensors are within
communication range of each other.

Assuming one data sample per sensor, a straightforward
approach to realizing the N-point 1-d FFT collaboratively on
an N-sensor network would be as follows. The Fast Fourier
transform (FFT) computation has logN stages. A butterfly
communication structure is followed among the logN stages as
the computation proceeds from one stage to next. (See Figure
1 which depicts the communication pattern for a 8-point FFT

over a 8-sensor network in 4 stages.) Between any two
consecutive stages, the two sensors forming the butterfly
communication pattern compute the partial FFT. The
computation and communication at any stage between
butterfly partners pl and p2 is: (a) sensor pl sends a copy of
x1 to p2, (b) p2 sends a copy of x2 to pl, (¢) pl computes x1=
x]l + w * x2, and (d) p2 computes x2 = x1 — w * x2.
Therefore, at every stage each sensor is involved in
transmitting and receiving one packet over the radio channel,
one complex multiplication and one addition/subtraction. Note
that this results in a load balanced FFT computation further
implying that both the sensors utilize their batteries equally
and evenly. We refer to this algorithm as the Conventional
Load Balanced Distributed FFT algorithm.

In particular, as observed in [5] and [10], both the butterfly
partner sensors at every stage compute the term w*x2 which is
redundant and unnecessarily consumes sensor’s available
power. The authors in [5] further suggest an approach that
avoids this redundancy at the expense of load balancing.

The approach proposed in [5] is shown in Figure 2 and
the procedure at the butterfly partners, pl and p2, at any stage
is as follows: (a) p2 computes w*x2, (b) pl sends a copy of x1
to p2, (c) p2 sends a copy of w*x2 to pl, (d) pl computes x1=
x1 +w * x2, and (e) p2 computes x2 = x1 — w * x2. We again
have transmission of two packets and both the sensors are
involved in addition/subtraction but only one sensor (“lower”
partner) is involved in complex multiplication.

It can be easily shown that the above algorithm, which we
call Unbalanced Power-Aware Distributed FFT algorithm,
uses N logN transmissions, N logN additions/ subtractions and
N/2 logN complex multiplications. This algorithm removes
the redundancy of multiplications but at the expense of load
balancing with respect to energy usage at sensors. For
example, sensor p0 is not involved at all in complex
multiplications whereas sensor p7 performs complex
multiplications in all the logN stages of Figure 2. This would
imply that p7 would drain its battery quickly and would go out
of service much sooner.

We next present a balanced power and time efficient
algorithm. The proposed algorithm is completely different
from our earlier work [10] which was only efficient in terms
of power but was a slower algorithm. In this paper we
introduce the notion of power-time efficiency similar to area-
time efficiency in VLSI algorithms proposed in the literature.



II. PROPOSED POWER-TIME EFFICIENT FFT ALGORITHM

In this section we present an algorithm for distributed FFT
which is load balanced not only in its computations and
communications but also energy usage in the sensor network.
Furthermore, our proposed solution removes the redundant
multiplication computation from the Conventional Load
Balanced Distributed FFT and load balances the N/2 logN
multiplications of the Unbalanced Power-Aware Distributed
FFT algorithm. We know that there are N/2 complex
multiplications at every one of the logN stages in the
Unbalanced Power-Aware FFT algorithm. The basic idea
behind balancing the multiplication computation among the
sensors is to perform the Unbalanced Power-Aware algorithm
for the first (logN)/2 stages and then permute the data among
sensors such that the sensors that have performed more
multiplication in the previous iteration exchange their data
with those that have performed fewer multiplications. We
have identified this permutation as the shuffle-complement
permutation explained in the following.

e  Given the binary representation of the sensor id
<b,; by .. by by>, the complex multiplication
execution pattern of any sensor in the Unbalanced
Power-Aware algorithm is byb; . . ., by by, where a
‘1’ in bit position i indicates that the sensor is
performing the multiplication during the i stage of
the FFT, for 0<i<n-1. For example in the figure 2,
sensor 4, <100>, has multiplication pattern of
<001>, it performs multiplication at stage 2, does
not perform multiplication at stages 0 and 1.

e Sensor <b,. b,, .. by by> follows the multiplication
pattern bob . . ., by, for the first (logN)/2 stages.

e Shuffle-complement Permutation: After logN/2
stages, sensor <b,_| b, ... b; bo>exchanges its data
with the sensor <by’ by’ ... by, by ’>.

e FFT computation proceeds as if the butterfly
structure of the first logN/2 stages has been flipped.

Due to the space limitations we omit the correctness proof but
intuitive idea is the following: If a sensor has a multiplication
pattern of say 1111, it should be changed to 1100 (so that the
sensor performs complex multiplications only for logN/2
stages). On the hand if a sensor has the multiplication pattern
of 0000, it should be changed to 0011. For this example case,
sensors <0000> and <1111> exchange their data after (logN)/2
stages and the distributed FFT computation proceeds as if the
butterfly in the first logN/2 stage has been flipped. The
pictorial representation of the overall algorithm is given in
Figure 3 for a 16-point FFT on a 16-node sensor network.

For our experiments, sensor networks were considered
spread over a 10-meter x 10-meter region with the number of
nodes covering that region varying between 8 and 4096. It is
assumed that each sensor is equipped with a StrongARM SA-
1100 microprocessor. This low-power embedded processor
can operate at many clock frequencies, but our results are
based on a frequency of 59 MHz. When calculating the
communication time and energy cost for the three
algorithms, the JouleTrack [6] software was used. This
web-based tool provides both energy consumption as
well as execution time data based on the individual FFT

sensor programs. Our simulation results show that the
proposed algorithm eliminates typical redundant
computations in a distributed FFT algorithm and
uniformly maps complex multiplications over all the
sensors nodes using a shuffle-complement permutation
in between the application of an unbalanced algorithm.
We show that the proposed algorithm improves energy
consumption by 36 to 40% compared to the
conventional FFT, and compared to the power efficient
unbalanced algorithms of [5], it significantly improves
the network life in term of number of N-point FFTs that
can be computed. This all is achieved in the presence of
execution time which is equivalent to the standard
parallel algorithm
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Problem Statement Conventional Distributed FFT [7]

*Technology advances enable pervasive use of sensor networks
in a variety of defense and commercial applications

Figure 1

N point-FFT

- 1 input point per sensor
- 1 output point per sensor
*Sensor nodes are battery powered and recharging is usually
unavailable, so energy is an extremely expensive resource

N log,N complex multiplications (twice the
number of multiplications in a serial algorithm,
example shown for an 8-point FFT in Figure 1.
*Design of algorithms for processing information in sensor

networks is an emerging research area

Colored nodes represent the nodes computing
complex multiplications

«1-d distributed FFT can be realized with sensor networks
through butterfly communication structure

N log,N additions/subtractions

N log,N transmissions
*Redundant calculations in 1-d distributed FFT can be

eliminated via data shuffling in a balanced way

Unbalanced Redundancy-Free Proposed Power-Time Efficient FFT

Two concatenated stages of the unbalanced algorithm in Figure 2, each stage "is inverse of the other in terms of
Power-Aware FF T [5] multiplication pattern. Example is shown in Figure 3 for a 16 node network.

* (Nlog, N)/2 complex multiplications + Sensor data values are permuted at the end of the first stage

* Nlog,N additions / subtractions * (N log,N)/2 complex multiplications
* N log,N transmissions * N+N log, N transmissions
- Given the binary representation of the sensor id * Nlog,N additions / subtractions
<b,, b,, b, b/> the complex multiplication execution * Permutation formula:
pattern of any sensor is byb, ..., b, ,b, |, where a ‘1” at bit — Inverse-shuffle n-1 times and complement
position i indicates that the sensor is performing the — Every Sensor (bsb;bby) sends its data to Sensor (b"b,,’b;")
» Correctness:

multiplication during the it stage of the FFT, for 0 <i<n-1. .
— <by’b,’b,’by’> sends its data to <(b;*)’(b,’)’(b;*)’(by’)*>= <bsb,b by>.

- i i S <100> .
For example in Figure 2, Sensor 4 <100~ has a complex — If they are not same, <b;b,b b,> and <b,’b,’b,’b;’> exchange their data.

Figure 3

multiplication pattern <001>. It does not perform multiplication

at stage 0 and 1 but it does at stage 2. @ @ @ @ @ @ @ e @ @ @ @ @ @
o3 %

» Some sensors will drain their energy much faster than others
=> decreased sensor network lifetime
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