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~~cinti ll ati n g signals taken from the DNA Wideband satellite experiment are
used as direct input to a digital simulation of a phase -shift keyed (P5K)
demodulator. The resulting demodulator performance is compared to that
obtained with input signals generated according to a two-component (log-normal
plus joint Gaussian) model . A second comparison is made with input signals
generated by a multiple phase screen propagation simulation. Results are
used to assess the suitability of the models for simulation of satellite
çomniunication systems in disturbed environments.
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Scintillating communication signals generated by two models are
compared with Wideband satellite data in a simulated demodulator for phase-
shift keyed (PSK) signals. To effect this comparison , a digital simulation
of a PSK modem designed for DSCS II is exercised for three different input
signals. One input signal , which forms the basis for the comparison , con—
sists of detrended data from the DNA Wideband satellite experiment. A second
input signal is obtained from the statistical two—component log-normal plus
joint-gaussian model proposed by SRI International (SRII). 1 The initial
statistics required for this model are obtained from analysis of the DNA
Wideband satellite data. The final input signal is obtained froni a numerical
multiple phase-screen (MPS) simulation which was generated to “match” the
initial Wideband satellite experimental data. The purpose of the comparisons
is to test the capabilities of models now in use to represent the effects of
transionospheric propagation in communication system simulations.

Resul ts indicate that both the statistical model and the MPS model
yield receiver performance similar to that obtained with the DNA Wideband
satellite data . Thus , at least for this class of receiver and for PSK sig-
nals, both methods of generating simulated signals are useful . The MPS
simulation has the potential advantage of yielding info rmation about iono-
spheric structure including rms electron-density fl uctuations and electron-
density power spectral density. However , the MPS simulation requires
i nformation on the link geometry as well as the ionospheric structure as
input. The major advantage of statistical models , such as the combined
log-norma l and joint-gaussian mode l , is the simplicity of generating
signals with such statistics. However , such models require information on
a number of statistical parameters.
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SECTION 1
INTRODUCTION

Satellites have assumed an important position in the overall

communication capability supporting both civil and military operations.
Consequently, transionospheric propagation considerations have become a
necessary part of system design. Experience has shown that the ionosphere

cannot be considered a transparent, homogeneous propaga tion medium, even
at gigahertz frequencies.2~~’Design of communication signals and signal
processors requires knowledge of the signal distortion resulting from
transionospheric propagation. Models of the ionospheric distort ion process
are needed for these designs and to test the results of propagation on
specific signals and systems. A further use of models is to serve as a

basis for extrapolation from natural ionospheric effects to effects due

to ionospheric perturbations caused by high altitude nuclear explosions.

Since little data on nuclear induced scintillation is avai lable, propagation
models must be derived on a theoretical bas is. These models should , as a

minimum, properly predict propagation effects through a natural ionosphere ,
given an adequate description of the ionosphere. The development of trans-

ionospheric propaga tion models , then , leads to derivation of models for
use in design and simulation of communication systems and to extraction of
pertinent ionospheric parameters.

The purpose of this study is to compare the results of two models

for trans ionospheric signal scintillation. The basis for comparison is data

taken from the DNA Wideband satellite experiment.’ The models used are the
2-component model 5 developed at SRI International (SRII), and the mul tiple
phase screen (MPS) numerical Fourier propagation simulation model.6’10 For

5
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purposes of comparison , two time periods were selected from Wideband data
taken at Ancon , Peru, on December 16, 1976, and kindly furnished by
Mr. R. C. Livingston of SRII. Selections were made on the basis of the

S4 scintillation index. The first time period extends over a period of

40 seconds , starting at 4 hours, 47 minutes, 32 seconds (UT).* During

this period signal scintillation was severe. The scintillation index at

413 MHz was 1.00, and at 1239 MHz the scintillation index was 0.45. During

this period only the last 30 seconds of 1239 MHz data was used because the
L-band signal was used for phase reference during the first 10 seconds.

The second time period , taken from the same satellite pass ,
extends from 4 hours , 49 minutes, 48.6 seconds, to 4 hours , 50 minutes,
28.6 seconds, and illustrates a period of moderate signal scintillation.

During this period the scintillation index for the UHF signal was 0.56.

* Local time at Ancon is five hours earlier than at Greenwich. Local
time was 23 hours , 47 minutes, 32 seconds , December 15, 1976.

6
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SECTION 2
PARAMETER ESTIMATION

Experimental data is recorded as quadrature components of the

received signal. The Wideband beacon Provides an S-band signal (2891.2 MHz)

for use as a Phase reference for coherent detection of the lower frequency

signals . The satellite signal received on the ground would vary  in anipli-

tude and phase as a result of changing slant range, antenna gain pattern ,

and total electron content (TEC) along the propagation path, even if the

ionosphere were unperturbed . As the satellite progresses through the pass ,

the line from satellite to receiver scans a portion of the ionosphere .

The l rocess of scanning translates spatial ionospheric variations into tem-

poral var ia t ions  of the received signal. The var ia t ions  discussed above ,
resul t ing from condit ions of the experiment , take place s lowly  and are
termed trends . ‘I’he in i t ia l  processing step is to remove the trends. In
Reference 5 , Fremouw and Rino discuss the detrending process and adopt an

upper frequency of 0.1 I i :  for trend components .  This l im i t  was found by

use of the cr i te r ion  that  detrending should not reduce the S 1 index by more
than ~~ few ” per cent .  It  is clear  that  th i s  frequency l imit  is dependent
on the geometry ( t f  the propagation path. * I t  is also ~‘ery l i ke ly  that  it
should depend on ionospheric  s tructure . I:or this work we have w~cd t h e

0. 1 U: cu to f f , ~ pole But te r w or th  numerical f il t e r  adopted by SR 1I . Si gn al

level variat ions with periods greater  than ten seconds are nI ,’t r : : u l l y  of
l i t t l e  concern in operat ional  communication sy s tems .

R eference  5 reports de t rending  .-\TS -~ data wi t h f i l t e r  t ine  constants
s i xt ;  t imes as long as those used for hideband and Trans i t  da ta .

- - 
~~~ .. ‘I~~ :



The Wideband satellite data is presented in terms of quadrature
components. The phase of the signal derived from the quadrature components

is made continuous by limiting the phase change between consecutive samples
to plus or minus ir radians. The intensity of the signal is the sum of the
squares of the component amplitudes. Phase and logarithm of intensity are
low-pass filtered separately. The filter output is then subtracted from

the input. In this manner log-intensity and phase variations with periods

greater than ten seconds are removed from the raw data. The subtraction

process normalizes the intensity by the average over the filter time

constant.

Detrended ampli tude and phase for the Wideband signals at 413 MH:
and at 1239 MHz are shown in Figures 1 through 3. Fi gure 1 shows the
detrended intensity and phase for the earlier, severely scintillating, UHF
signal and Figure 2 presents the moderately scintillating UHF signal during
the 40 second period about two minutes later. Figure 3 shows the detrended

L-band signal during the time period when the UHF signal is severely disturbed .

8
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Figure 1. Severely scintillating UHF signal—(detrended intensity
and phase from Wideband satellite pass at Ancon , Peru ,
on 16 December 1976).
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SECTION 3
2-COMPONENT MODEL

The 2-component signal model has the form

E = E E f = (j i +x+jy ) exp (~ +~ +j d ~) , (1)

where ~ and r~ are real constants, x and y are j oint gaussian zero
mean random variables , and x and ~ are another pair of joint gaussian

zero mean random variables statistically independent of x and y. In

this 2-component model scintillation is represented by two statistically

independent multiplicative random components: the “scatter” component E
5,

and the “f ocus ” component, Ef.

The scatter component represents the rapidly varying signal aml)li-

tude and phase caused by fairly small-scale ionization structure . It is

modeled by complex gaussian statistics where in ~i is the unscattered or

specular component, and x and y are a pair of correlated :ero-inean

gaussian random variables. x and y need not have equal variances. This

scatter component is associated with what is sometimes referred to as classical

scintillation .

The foc us component, Ef. represents the more slowly varying

components of ampli tude and phase caused by f a i r l y  large-scale ioni:ation
structure . It is modeled by complex log-normal statistics where ;

~ 
and

~ arc correlated zero-mean random variables with unequal variances. ‘re

ai~ip l i tud c  f l uc tua t ions  associated with th is  component are often rather

small; the primary effect of this component is usually associated with the
relatively slowly fluctuating phase of the composite signal.

12
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The scatter and focus components of the detrended signal are

separated in a second filtering process. Because this model assumes statis-

tical independence of the two components , a 10-pole Butterworth numerical
low-pass filter with a cutoff frequency of 0.4 Hz is used to separate the

spectra of the components. The output of the low-pass filter is taken as

the focus component. Subtracting the focus phase and log intensity from

the detrended signal gives the scatter component. Scatter and focus coinpo-

nents of the severely and moderately scintillating UHF signals are given in

Figures 4 through 7.

The gaussian nature of the scatter component is shown in Figures
3 and 9. In these figures the real Qi-i-x) and imaginary (y) parts of

the complex scatter component are presented as a discrete probability
density function. The normalization performed during detrending divides

the amplitude terms by the root mean square of the total receive4.i signal

amplitude . A gaussian probabili ty density function with the mean and

standard deviation calculated from the data for each case is plotted with

the discrete function for comparison. We note that the imaginary component

has an essentially zero mean for both time segments for the UHF signal. In

the severely scintillating UHF signal the normalized real part has a mean

of 0.28, approaching a Rayleigh distribution. The mean of the real part

of the scatter component for the moderately scintillating signal is nearly
unity, indicating a largely specular process.

Figures 10 and 11 show the distributions of the amplitude and
phase of the focus component . In these figures the normalized value of
r, + x is the logarithm of the focus component amplitude.  The phase is
the quantity p from Equation 1. The discrete distribution functions
plotted in these figures suffer  from a limited amoun t of data. The focus

spectral components have periods rang ing from 2.5 to 10 seconds. Therefore ,
the 40 seconds of data used here contain 4 to 16 cycles of these components.

The spikes in the density functions clearly match the maxima and minima

13
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of the corresponding time functions. It appears that the discrete density

functions would as likely approach gaussian distributions with zero means

as any other distribution if more data were included in the calculation.

This is true for both segments of the (il-IF signal.

Statistics for the detrended , normalized, continuous phase UHF
signals during the two 40 second time periods are given in Tables 1 and 2.

Each set of statistics is a result of processing 20,000 samples of the

l~ideband satel l i te  s ignal .  The parameters in the table are def ined below

for reference. Angle brackets , <> , indicate averages.

-‘ ~~l/2
S4 = Scinti l lat ion index = [(<1 2> _  <I>~~

’<I>~~

where I is intensity = E l

= Root mean square of values of x

2 1/2
= [< -C > - <x>

= Root mean square of values of y

= Normal ized coefficient  of correlat ion of x and v

= < (x_<x>) I~y_<y> )>/~~o

T = Time interval  such that the corre la t ion betw eenx

x ( t )  and x ( t + T )  l/ ~ = 0 . 3 5-
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SECTION 4
MULTIPLE PHASE SCREEN SIMULATION

The multiple phase screen (MPS) propagation simulation is an

analytical/numerical technique which provides a numerical solution for the
I)rOpagati On of a plane wave through a disturbed ionosphere . By modeling

the ionosphere as a series of random phase screens with a power-law power

spectral density and utilizing the actual Wideband satellite geometry, we
attempt to “match 1’ the experimental data (in a qualitative sense) and thus

obtain some information on possible ionospheric parameters.

The multiple phase-screen propagation simulation represents the

disturbed region by a number of phase-screens (10 for this work) located

in the disturbed region between the satellite and the receiver. Rando m

phase fluctuations in each screen are generated using the statistical

propert~ es of the electron-densi ty fluctuations as determined by the

electron-density power spectral density. A wave (initially plane as it

enters the disturbed reg ion) is then propagated numerically from one screen

to the next by use of the Fresncl-Kirchhoff integral equation until a solu-

tion is obtained for the complex electric field in the receiver plane. This

technique is equivalent to a solution of the parabolic wave equation and is

thus able to account for multiple scattering.8 Since the phase-screens are

random , the si gnal propagated to the receiver is random and , if desired ,
statistics may be obtained by averaging a number of different simulations ,

each based on a different sequence of random numbers.

‘l’he e lec t ron—densi ty  power spectral  densi ty  is a s imulat ion
ifl l)ut , but here we assume a one—dimensional  power spectral density of
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the for m

L
S( F ~1) = N 0

lr (l÷K1L0 )

where is the standard deviation of electron-density fluctuation and

L0 is the outer scale size. Both parameters are simulation inputs.  K 1
is the wavenumber perpendicular to the magnetic field.

~Ve assumed a 100 km thick ionosphere centered at an altitude of

350 km. To model the actual propagation geometry for the link from the

Wideband satellite to Ancon we used constant elevation angles of 15° and

30 ° for the f i rs t  and second time periods , respec t ive ly .  The actual

satellite elevation angles were changing slowly during the 40 second time

in tervals  and the use of constant angles s impl i f ies  the analysis . In th is
manner we modeled the early tine geometry by a layer of i r regular i t ies

386 km thick wi th  the center 1352 km from the receiver. In the late t ime
— Period the layer of i r r egu la r i t i e s  was 200 km thick centered TOO km from

the receiver.

Th e be st mat ch o f M PS calcu la t ed data to t he act ua l W ideba n d

sa te l l i te  experimental data was obtained by a v isual  examination of a

small  number of p lo ts  of i n t e n s i t y  and phase generated by the MP S propaga-

tion simulation . For both time periods we found that an outer scale si:e

of 500 meters  gave reasonable fits to the data. [)uring the first time

period an electron density standard deviation of 9.9 x l0~ cm~~ was used ;

during the second time period an e lec t ron  dens i ty  s tandard  deviation of

3.3 1O~ cni~ was found to give a good fit to the experimental data.

Values for both the outer scale s ize  and the e l ec t ron  densi ty  s tandard

dev ia t ion  are within ranges regularly observed in the equatorial ionosphere.

Since the  propagat ion simulation results arc funct ions of dist~~ cc

in a plane normal to the magnetic field direct ion , the  s imu l a t  t on resul t 5
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may be converted to funct ions  of time by dividing the simulat ion computed
distances by V • V is defined as the component of the veloci ty  a t  the

ionospheric penetration point of the propagation path perpendicular to the

local magnetic field direction.

For the strong UHF sc in t i l la t ion  case a value of V of TSO rn/sec

was required to match the observed signal intensity decorrelation time . .\

value of V of 720 rn/ sec was required to match the in tens i ty  decor re l a t ion

time observed for the moderate UHF scintillation . The geometry of the

satellite pass indicates that a value of V of about 500-TOO mn/ sec r e su l t s
from sa te l l i t e  motion ()erpendicular to the magnetic  f ie ld  d i rec t ion .  Anothe r

100-200 m/ sec could be added from mean a tmospheric  dri f t .2 These cons ider ~i-

tions indicate a likely range of \ ‘  from 600-900 m/ sec.  The va lues  used

here are wi th in  this range. The purpose of the comparison is to investi~ atc

adequacy of the s ta t is t ical  signal descript ion in the two m o d e l s — t h u s ,

correspondence of subsidary quant i t ies  such as V , while encourag ing

indicators of va l id i ty  for MPS , arc not necessary to a valid comparison.

Note that the simulation parameters which  match the ~c ideband

experimental data are not unique. ‘Ih ey were chosen sinipl v because they

yielded the closest match to the observed si gna l  intensity and phase t ’ ro :.

a sinaI 1 set of simulations . .\ somewhat better match  ma ’. b e ob t a ined  for

a different electron—dens ity standard deviation and outer scale size.

However , the s ignals  a l ready obtained seem to m at c h t t ’ic data quite well

and we do not expect that  better matches w i l l  re -mil t  in mu ch change in

ei ther  e l e c t r o n — d e n s i t y  standard devia t ion  or outer  sca le  si:e.

‘l i e  m agn i tude  and phase of the ~ll’S real i:at ions for  the e ar l y

time period are shown in Figure 12. These can be compared with the c u r —

responding det rend ed l~ ideban d sate 11 i te data  in Figure 1 . Simi larl , the

‘-IPS gen era ted  a m p l i t u d e  and phase  for  the late time per iod arc presented

in F I ~~1lrc’ 13 tar comparison with Fi gu re 2. In add i t i o n , t he se l e c t e d
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Figure 12. Multiple phase screen realization of the severely
scintillating UHF signal. (Compare with data in
Figure 1.)
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I
ionospheric parameters were used to genera te a scintillatin g signal simula-

tion at L-band for the early time period. This signal is shown in Figure 14

for comparison with Figure 3. The similarity of the 
L-band MPS results and

the detrended Wideband satellite data demonstrates 
the feasibility of

modeling scintillation effects at SUF given data at UI-IF. 
L-band propagation

effects for the late t ime period were not modeled because the rela tively

moderate effects at UHF indicate that effects of the 
L-band signal pert.ur-

bation will be small.

Table 3 summarizeS statistical parameters indicating 
severity of

scintillation for the Wideband data and for signals generated using the

2-component and MPS models. 

- • - -- • -- • 
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Figure 3.)
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SECTION 5
R E C E I V E R  SIMULATION

To investigate the effects of propagation disturbance modeling on

the Performance of system models , the 1)erturbed signals were used as input

to a sampled data di gital s imulat ion of the DSCS- I I AN/USC -28 modem . 7 For

this purpose a Th bi t  per second data rate was used with  coherent detect ion

of a ph a s e - s h i f t  keyed (P SK) si gnal wi t h differential encoding of the data.

I h e  receiver representation used i t  second order modif ied  Costas phase—locked

loop with a ioop bandwidth of 21 lIz. ‘th e simulation sampling rate was

300/ sec .  ,-\ mean carrici - -power-to-noise densi ty  of 35 db —I Iz , corresponding

to a mean F /,\ of 16 db was used so that detection errors could be attri-
b o

b u ted to the nature of tile si gn:il rather than to receiver  noise. IVit hout

si gnal d i st u r d w t ce s  th e  error r a t e  is ‘.anishingly sma ll for this signal—to—

noise ra t io .  The receiver model  c~u accept si gnal  input data  in each of

t he t l i i -ee fo rms d iscussed here .

The t e r m  o 1 t l ’ie d i r ec t  da t a  inpu t  to the ’ r e ce ive r  m o d e l  cons ists

of d c~~i t i :ed diI i  ii tude and phase S amp es. Since the ~ dcb , l  nd s t  t ciii t d l  a

is s.ug l ed at  a r a t e  of 5 IH -
~ sami - i cs s c’cotid and lie rece i\ C 1’ node 1 S , C: ~ Cl e

rate is 3 i ) ( )  5~twpI e~
;,” se, C I .  an L t d  C C L - lat ion ~s i i cces~ ~

‘ . 0tn~ r ise t h e

o- ,’ tj m tdcd da ta  is 0~~L’d d i r e c t  1 .

Usc o t  t he 2 —co- p~ :ien moLly 1 re i t - . - - t ha 1 t I st  ics for  t he

s _  t n t  L I I  it  i n g  S L g n r i I he d e r i v e d  • I ~ 
i - , 

~~~ er~ a rc  t \ L[ i t  i ‘ed . t h e s e
i i  i- c:

• ~ c : i t  t e r  S C i t i t  L i  1~d 
L ) ~l LIJL’\ , S

• f it  1.0 u t  V a r i t i t c e s  - f  ~ w i d  V , ) - —
- 

-\ y
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• Correlation coeff icient  of x and v ,

• Decorrelation time (e 1) for the scattered signal , T
5

• Standard deviation of the log-normal amplitude , -a
/~

• Standard deviation of the log-normal phase, o~.

• Correlation coef f ic ien t  of and , -

• Decorrelation time for the log-normal signal , Tf

These quantities are given in Tables 1 and 2.

The random scatter signal scintillation components are computed
at each sampling time using a correlated random sampling technique appl icable

to gaussian random processes. The correlated sampling technique was developed

by h endrick and is described in Reference 9. A separate set of correlated

gaussian random variables is generated for use in the representation of the

focus component of the si gnal .  The sc in t i l la t ing  signal amplitudes and

Phases generated by this process are presented in Figures 15 and 16. The

phase as plotted in Figure 15 is constrained to an interval rang ing from

—3 :; to 3:: radians . - ~Vhenever the actual Phase decreases below —3

2:: is add ed to all subsequent phase values and plotting cont inue s . ‘th e

many sharp discontinuities shown in Figure 13 are results of the addition

of these 2 - shifts and affect only  the plotted phase , not t h e receiver.

‘the form of the \IP S inputs  to the receiver model is the same as

that for  exper imenta l  data . These ui - c the s ignal s  Presented in F i p i t r e s  12

through 14
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Figure 15. Simulated severely scintillating UHF signal using the
2-component model . (Compare with Figure 1.)
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Fi gure 16. Sim~4la ted moderately scintillating UHF signal using
the 2—com ponent model. (Compare with Figure 2.)
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SECTION 6
SIMULATION RESULTS

A phase shift keyed bit stream which carries the ASCII-coded

message “Simulation of coherent PSK satellite communications during signa l

disturbances.” is used here in the receiver model . The bi phase modulated

carrier is modified by the signal amplitude and phase perturbations from
Wideband data , MPS calculations , or the 2-component model. The simulated

receiver attempts to track the carrier in a Costas loop , adjust for ampli-

tude variatior s with an AGC circuit , and coherently detect the data.

The following is an example of the message output from the

receiver simulation using the severely scintillating Ui-IF Wideband data

samples.

I’T ~-;~EF’ E tf T P2L  C,i TF _ L IT E C - i - I ’
, ~~~~~ t -L ’ J I G  ‘ i ’ h - L  ~-~~~~~~‘F’ u- - ’ F  /

I 
— 

‘~ I’i I HT L L  VT I I HTI — I ’ i - ~ _ 
-C 

I 
—

I — 
— I I ~~~ N * 

T 
— i -rr I a I f ,~ a

i l l  C i i  F i -‘~~~~ —m
~ Ii — ITE I 

— I t  d i  I -e ,o -~L I r~
I i i  r IT F I c” ’ I F1 ~ IN u—j 2 J C C  I H I I it TI I— — F

‘ -C 
~~~~~~~~~ “v

Outputs using signals derived from the models for this time

period look much the same with a different array of errors. Decoding

errors are caused by ~has e tracking errors and phase slipp ing in the Costas

loop , as well  as by amp litude fades below the threshold for reliable data

detection. A summary of binary error statistics front the s imulations is

given in Table 4 .
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An explicit bit by bit demodulation process is simulated in the

receiver model. In addition , a conditional binary error probability is

• calculated . The conditional error probability is a function of the phase

tracking error and the signal amplitude at each sampling time. The cal-

culated bit error rates given in Table 4 ,are computed by averaging the

conditional binary error probabilities over the simulation time interval .

These are the average error rates that would be expected for very long
samples . When the average error probability is of the order of l0~~
the expected number of bit errors in a 40 second period , for a bi t rate
of TS/sec , is less than one. However, because the decorrelation time is

long compared to a bit period , the errors are clumped in time. Longer

simulations would be requi red to obtain good statistics for demodulated

bit e r r o r s  in t i e  cases involving moderate scintillation.
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SECTION 7
CONCLUS IONS

Models for representation of radio signals that have propagated

throug h a disturbed ionosp here are useful for generating input signals for
computer simulation of communication systems. One of the models used here ,
the joint gaussian plus log normal 2-component model , represents the si gnal

through measured s tat is t ical  parameters . The second model , the multiple

phase screen model , represents the signal by generating amplitude and phase

samples based on physical propagation effects. In the comparison of these

models presented here , a di g ital  s imula t ion  of a B P SK demodulator  was found

to give similar demodulation performance for the two s igna l  models .  The

binary error rates resul t ing from use of the mod e ls  i -c rc  comparable to

results obtained from use of the data taken from the It >~,-\ ~Videba n d sa te l l i t e

experiment .

In this work the MPS s imula t ion i ~ which were  obtained to “- a tch

the Wideband s a t e l l i t e  data were ch’isen on the b~ s i -  of sci n t i l l a t i o n  index

and phase standard deviat ion from a ~m a i i  set ot ’ 1’os~~ihle ’  c , 1 s L ’~~ . Fu t u r e

work of this type should be directed toward u t a t c h i r i  ; the  i n t e n s i t y  and

phase power spectral densit ies of the re ce ived  si~ t i - i I  to L~~ t , i L f l  ii Clu tc h

of both f i r s t  and second order s t a t i s t i c s .  In a d d i t i o n  to  he itm;  a f u r t h e r

test of how wel l  the models match exper imenta l  d ; u t i i , these  i , l I : lt i t l e s  i : :po se

requirements on automatic gain control  and phase t r ack  in ,~ i o - p  ba ndwidths .

‘the J- IP S technique has advantages  for  cotnnun I cat  ion  I ink s i: ;i~i 1,i—

tions becaus e the parameters required are related to ionospher i c  s t ru c t u r e

rather than a priori  assumptions of s igna l  s t a t i s t i c s .
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