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Reduction of Computational Complexity 
in the Butterfly Search Technique 

Sheikh Kaisar Alam and Kevin J. Parker,” Fellow, IEEE 

Abstruct- In the butterfly search technique, echoes from re- 
peated firings of a transducer are resampled along a set of 
predetermined trajectories of constant velocities, called “butterfly 
lines,” because of their intersection and crossing at a reference 
range. The slope of the trajectory on which the sampled signals 
satisfy a predetermined criterion appropriate for the type of 
signal in question, provides an estimate of the velocity of the 
target. The search for this trajectory is called “butterfly search,” 
which can be carried out efficiently in a parallel processing 
scheme. The estimator can be based on the radio frequecy (RF) A- 
lines, the envelopes, or the quadrature components. The butterfly 
search on quadrature components has shown outstanding noise 
immunity, even with relatively few successive scan lines, and was 
found to outperform all the common time domain and Doppler 
techniques in simulations and experiments with strong noise. 
It can be simply implemented using elementary digital signal 
processing hardware. However, it is possible to further improve 
upon its computational complexity to make the technique even 
simpler to implement, without any complex multipliers in the par- 
allel channels. In this paper, we present some modifications that 
significantly reduce the computational complexity of butterfly 
search on 
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Fig. I .  Illustration of the butterfly search applied on the quadrature compo- 
nents (one shown). Only the solid line would sample a constant amplitude 
sinusoidal function i ; ~ ? , "  [n].  

frequency sinusoids. Consider a reference sample point at the 
middle of the RF A-lines. Then sample the signal at different 
delays between successive RF A-lines (or on different 
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Fig. 3. Schematic hardware diagram for quadrature butterfly search; (a) butterfly sampling of complex envelope, (b) processing ' ~ ~ [ n ]  to extract h. 

n 

where, 7:nv[n] is the butterfly sampled signal in (3) 

and 

(7) 

By Schwarz inequality, L(u)  maximizes when T B ~ [ ~ L ]  
closely corresponds to the complex conjugate of the expected 
return e--32won(w~c)T from a moving scatterer on the butterfly 
line. 

We determine the velocity by finding the maximum of L(v)  

The mean velocity can be evaluated by finding the following 
weighted mean 

The schematic hardware diagram for the butterfly search 
on complex envelope is shown in Fig. 3. llere ? ~ ( ~ [ n ]  are 
sampled following the quadrature demodulation step at the 
butterfly sampler banks (a typical butterfly sampler for any 
velocity 'U is shown in the schematic diagram Fig. 2). The 
output from each sampler then goes through a "correspondence 
detector" which executes the following steps: imultiplication by 
a complex exponential, summation (over index n), followed 
by magnitude square and a normalization by a quantity derived 
by magnitude square followed by summation (over index 
n). This would produce the L(v)  values, which are input 
into a maximum detector. The velocity corresponding to the 
maximum L ( v )  is the velocity estimate. Clearly, generation 
of the complex exponential and multiplying it by the butterfly 
sampled complex envelope heavily contributes to the computa- 
tion. Since this complex exponential multiplication takes place 
within each parallel butterfly channel, there is a significant 
cost associated with these multiplications. Simplification of 
the implementation follows. 
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2 )  Premultiplication by Complex Exponential: The simpli- 
fication in L(1:) can be done by rewriting both its numerator 
and the denominator. 

From (6) 

l 2  

where 

2 

= c! 
n 

Thus, the numerator of L ( v )  can be evaluated by multi- 
plying the complex envelope with e-Jwot prior to butterfly 
sampling and summing the butterfly sampled signals, instead 
of the original technique where samples on each butterfly line 
had to be 
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Fig. 4. Schematic hardware diagram for premultiplied butterfly search; (a) sampling premultiplied complex envelope and (b) processing of T ~ ) B ~  [n] 
to extract li. 

This can further reduce the computational complexity, be- 
cause this does away with complex envelope computation. 
Schematic hardware for the complex RF butterfly search is 
shown in Fig. 5 ,  which is almost identical to the hardware 
shown in Fig. 4. The only difference is that the complex 
processing step involving quadrature demodulation followed 
by multiplication with 
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TABLE I 
BEFORE THE CORRESPONDENCE DETECTOR STEP 

Original Butterflv I Butterflv search with I Butterflv search with I " -" 
Search (1) I Premuliiplication (2) I Com&x RF (3) 

Complex I Complex I Complex I Complex I Complex I Complex 

TABLE I1 
NUM~RATOR OF I,(?,), COMPLEX OPERATIONS 

I I I I I 

Mult. by 
compl. exp. 

Following 

- 
Per 

j o i n t  
for K1 

pt/line 
/point 
K1 pts. 

Original Butterfly 

To further reduce the effect of noise, one can average 
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Original Butterfly Butterfly search with 
Search (1) Premultiplication (2) Steps 
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Butterfly search with 
Complex RF (3) 

I Multipli- I 

I D e n o m i n a t o r  o f  L ( v )  I 
Abs. value 

comp. 

Following 
Addition 

Inverse 
operations 

I L ( v ) :  N u m e r a t o r / d e n o m i n a t o r  I 

TABLE IV 
COMPARISON STEP 

frequency is 
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Fig 6 Pulse fired by the transducer; o = 1 4 1  MHz 
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Fig. 7. A line of envelope of echoes 
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realization from infinitely many possible. A more complete 
evaluation of competing estimators (simulations and experi- 
mental results) over an ensemble can be found in [25]. 

Recently, the detection of transverse velocity has been 
investigated by many researchers [20]-[24]. We are currently 
working on evaluating the natural extension of the butterfly 
technique to 2-D. Since computational complexity is a lim- 
itation in 2-D estimation techniques, the simplified butterfly 
search methods may prove valuable. 
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