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Generation of Non-Rayleigh Speckle 
Distributions Using Marked 

Regularity Models 
Robert M. Cramblitt, M e m b e r, I E E E, and Kevin J. Parker, F e l l o w , I E E E  

Abstract-Fully developed speckle patterns observed 
in coherent imagery are characterized by a Rayleigh- 
distributed envelope amplitude. Non-Rayleigh distributions 
are observed in many cases, such as when the number of 
scatterers in a resolution cell is small or scatterers are or- 
ganized with some periodicity. Distributions resulting from 
the assumption of random scatterer phase (random walk 
models) have been used to describe the speckle amplitude 
in these cases, leading to K, Rician, and homodyned-K am- 
plitude distributions. An alternative is to incorporate non- 
random phase implicitly by adopting models that directly 
describe the spatial placement of point scatterers. We ex- 
amine the consequences of assuming that scattering is de- 
scribed in one dimension by a stationary renewal process in 
which the arrival times are the locations of ideal point scat- 
terers, the interscatterer distances are drawn from a gamma 
distribution, and the scatterer amplitudes are allowed to be 
correlated in space. This model has been called the marked 
regularity model because variations of the model parame- 
ters can generate spatial distributions ranging from clus- 
tered to random to nearly periodic. We will demonstrate 
that all of the non-Rayleigh distributions generated by the 
previous random phase models can also be generated by the 
marked regularity model, and we show under what condi- 
tions the different distributions will result. We also demon- 
strate that the regularity model is inherently capable of 
describing certain sparse scattering conditions. Therefore, 
the model can represent many cases and provide an intu- 
itively pleasing description of the spatial placement of the 
scatterers. 

I .  INTRODUCTION 

PECKLE patterns are a characteristic feature of coher- S ent imaging systems and are a consequence of the non- 
ideal nature of the system point-spread function. A large 
body of literature deals with the generation and statis- 
tical description of speckled images in optics, radar, and 
ultrasound. In systems that detect the echo or backscat- 
ter from a transmitted baseband signal modulated to fre- 
quency W O ,  the detected signal ~ ( t )  = a ( t )  cos(wot+$(t)) = 

R { a ( t ) e J 4 ( t ) e J w o t } ,  where R{.} teenotes the real part, can 
be written as a complex phasor A = 
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A. R a n d o m  W a l k  M o d e l s  

Random walk models assume that the phase associ- 
ated with each scatterer in the resolution cell is random 
and independent of the amplitude; so (1) then represents 
a random walk in the complex plane. If the number 



CRAMBLITT AND PARKER: GENERATION OF 





CRAMBLITT AND PARKER: GENERATION OF NON-RAYLEIGH SPECKLE DISTRIBUTIONS 871 

- 

- 

- 

- 

- 

MIXED K DENSITY EXAMPLE I 0.3 T - 150 xb. r  - 30 
1 

I 

454 131 

7.9 172 

51 15.8 

3.0 6 5  

22.6 322 

0.6 0.71 
I 2 0.5 

0.4 

0.3 

0.2 

0.1 

-0 2 4 6 8 10 12 14 
AMPLITUDE 

Fig. 4. Example of the mixed behavior that develops as either a or 
the mean number of scatterers per cell decreases. The smooth line is 
the parametric mixed K density best fitting the data (stepped line). 

CDF to that of the Rayleigh, Rician, and K distributions 
by computing a mean-squared error (MSE). The Rayleigh 
CDF used was that with the same mean-squared value as 
the data, which is a maximum likelihood (ML) estimate. 
The parameters of the Rician were also ML estimates, al- 
though a simple optimization is required to find them. Be- 
cause no closed-form ML solution for the K distribution 
exists, we set its mean-squared value equal to the sam- 
ple mean square and found the r parameter by minimiz- 
ing the MSE between the K and the observed distribution. 
The distribution with the lowest MSE is considered to have 
the best fit to the data among the three distributions, even 
though the best fit may be rather poor, as we shall see. 

IV. RESULTS 

A limitation of most random walk-based models is that 
they assume that resolution cells contain large numbers 
of scatterers so that there is little chance that the res- 
olution cell contains no scatterers; hence, the PDF have 
zero value at the origin. However, when the number of 
scatterers per resolution cell is small or when significant 
clustering of scatterers occurs, the probability that zero 
scatterers fall 
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[16], [17] examined the feasibility of estimating regularity 
model parameters from sparse samples of the power spec- 
trum. The use of spectral autocorrelation functions [19], 
[20] and third-order statistics [26] is also of considerable 
interest and should be explored within the context of tfte 
marked regularity model. 

No attempt was made here to assess how many RF sam- 
ples are required to exploit the properties of the marked 
regularity model. This is a critical issue in attempting to 
perform tissue characterization in medical ultrasound be- 
cause uniform regions of tissue can be quite small. Separate 
investigations are required to address this issue. This does 
not preclude the use of the model to generate synthetic 
scenes with amplitude distributions of interest, however, 
or to assist in the statistical analysis of such scenes. We 
have also made no attempt to model mark correlations or 
to relate the model to scattering from particular types of 
tissue; these items fall under the scope of future work. Vari- 
ous efforts have been made to study tissue scattering in the 
context of the random walk and spatial models described 
earlier, and new first to future lr.1735 0 rdy genera
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