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ABSTRACT

This thesis presents the statistical model of amplitude scintillation effected by
ionospheric irregularities in short-term and long-term. The data of amplitude scintillation
on C-band, S-band and VHF are considered to designing the model. These frequencies
have various factors such as location, period of data and intensity of amplitude
scintillation. The design of new model in short-term is considered to probability density
function (pdf) and cumulative distribution function (cdf) for comparison with the
Gaussian distribution and the Nakagami-m distribution. The statistical analysis of new
model is base on Moulsley-Vilar distribution for design model in long-term and
compared with the Gaussian distribution, the Moulsley-Vilar distribution and Analytical
approximation. Moreover, the probability density function in long-term can be used for
determining the impacts of scintillation effects on communication by theoretical
estimation of the average probability of bit error rate for both CPSK and NCFSK

modulation.
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CHAPTER 1
INTRODUCTION

1.1 Literature of lonospheric Scintillation Modeling

The propagation of radio waves is mainly related to a random medium, which
is necessary to be analyzed propagation phenomena by means of statistical
methods. For the most of cases, it is certainly possible to describe the variations
in time space of propagation parameters by understanding the statistical
distribution because it is very important to the fundamental properties of the
probability distributions most commonly used in statistical propagation studies.
Recently, the radio engineering requirements have become more stringent and
necessary not only more details of information on median signal intensity, but also much
more knowledge on fading statistics in ionospheric and tropospheric modes of
propagation.

Many papers have shown that information on the mean values of the signal received
is not sufficient to characterize the performance of radio communication systems. The
variation in time, space and frequency have to be considered as well. For description of
communication system performance, it is often to observe the time series of signal
fluctuation and characterize these fluctuations as a stochastic process. Furthermore
modeling amplitude scintillation is the part of signal fluctuation for the purpose of
predicting radio system performance.

In the passage of satellite signals through the ionosphere, fluctuations in amplitude
and phase are imposed on the signals due to irregularities or inhomogeneities of the
electron density in the F-region and Sporadic-E. These fluctuations are called
scintillation. A radio signal traversing through the ionosphere will be modified by
irregulanties with sizes from a few meters to a few kilometers. Scintillations are
variations of amplitude, phase and polarization including angle of arrival. Scintillations
can be severe and present problems to the radio operator. Effects of ionospheric
scintillation have been observed on frequencies ranging from 30MHz to about 10GHz.

Therefore, it is essential to analyzed signal statistics at every frequency. Moreover,



P

e

scintillations are particularly severe in tropical regions during evenings around the

equinoxes and in the auroral zones [1].

1.2 The Significant of the Study

The ionosphere causes significant propagation effects at frequencies up to at least
10 GHz. The effects may be particularly significant for non-geostationary satellite orbit
services below 3 GHz. The experimental data has been presented and/or modeling
methods have been developed to use for the prediction of the ionospheric propagation
parameters needed in planning satellite systems. The ionospheric effects may influence
the design and performance of Integrated Services Digital Network (ISDN) and other
radio systems. These data and methods have been found that they are applicable
within the natural variability of propagation phenomena for applications in satellite
system planning. (2]

In order to assess the problem of degradation caused by scintillation and to work
out remedies for a user, two types of information are essential, namely the signal
statistics and the scintillation morphology. Although the morphological study provides a
global view of the scintillation phenomena, however it must be still augmented by a
study of signal statistics, as provided for this thesis.

The thesis is analyzing the statistic of scintillation modeling in ionospheric
scintillation. The statistic analysis of amplitude scintillation is designed the new model
for short-term and long-term. The short-term is considered to the probability density
function and cumulative density function of amplitude scintillation. In addition, the long-
term can be evaluated the experiment results of new model to be used in the theoretical

of bit error rate.

1.3 The Objective and Chapters’ Synopsis of the Thesis

The objective of thesis is designing the model of amplitude distribution for short-
term and long-term in VHF, S-band and C-band effected by ionospheric scintillation. It
can use both weak and strong scintillation. The short-term amplitude scintillation are
analyzed the probability density function and cumulative density function by Gaussian

distribution, Nakagami-m distribution and new model. While Long-term analysis are



calculated by Moulsley-Vilar model and analytical approximation. Based on application
of Moulsley-Vilar model, the experiment results of new model are applied in long-term.
Moreover, model in Long-term can be estimated the average probability of bit error rate
for some digital modulation condition.

The method and results are provided in this thesis as follows:

Chapter 2 discusses the theoretical background of ionospheric scintillation and
factor of amplitude scintillation and describes the scintillation intensity by S, index.

Chapter 3 indicates the experiment system and describes the analysis process of
each frequency; moreover, presents the analysis of statistical amplitude distribution by
probability density function, cumulative distribution function of experiment distribution
compared with Gaussian, Nakagami-m distribution and the new model in short-term
amplitude scintillation.

Chapter 4 presents the model of amplitude scintillation in long-term and
comparison with Moulsley-Vilar distribution, analytical approximation including
experimental results of the new model in long-term. In addition, the average
probabilities of bit error rate are estimated by experimental results of the new model,
which presents the communication impacts for NCFSK and CPSK modulation scheme.

Chapter 5 summarizes the experiment results in short-term and long-term
amplitude scintillation distribution.

Finally, Appendix A presents the analysis of new model by Non-linear regression

and Bayes’ Theorem. Furthermore Appendix B describes the correlation coefficient.



CHAPTER 2
IONOSPHERIC AMPLITUDE SCINTILLATION

One of the most severe disruptions along the transionospheric propagation path for
signals below 3 GHz is caused by ionospheric scintillation. Principally through the
mechanisms of forward scattering and diffraction, small-scale irregular structures in the
ionization density cause scintillation phenomena in which one replaces the steady signal
at the receiver. That is fluctuating in amplitude, phase and apparent direction of arrival.
lonospheric scintillation causes both enhancements and fading about the median level
as the radio signal transits through the disturbed ionospheric region. Amplitude
scintillations can be characterized by a depth of fading and a fading period or
frequency. Scintillation effects are the most severe at high latitudes (within and
poleward of the auroral region) and in the equatorial region in the post-sunset to
midnight local-time sector. Effects on systems range from loss of signal in deep fades

cause loss of information or even loss of lock on the signal.

2.1 lonospheric Scintillation

lonospheric scintillation, which manifests itself as increased noise on a radio signal
intensity and phase, is caused by small-scale variations in the ionospheric electron
density along the transionospheric propagation path between the transmitter and
receiver. In the Figure 2.1 indicates the result of ionospheric scintillation occur when the
imegularities in F and E_ layer pass through the satellite-earth path. These irregularities
in the ionosphere introduce fading and enhancement of amplitude, fluctuation, and
angle of arrival variation, all the previous effects are ionospheric scintillation. The F
region is subdivided into the F| layer and the F; layer, which are produced by solar
extreme ultraviolet light (EUV). At night, scintillations are predominantly an F-Layer
phenomenon with irregularities covering the height range from 200 km to 600 km. Below
the F region is the E region, which contains both the normal E layer and patches of
sporadic E layer (£,) produced by solar sort X-rays. Sporadic E occurs in range of

height from about 90 km to 140 km, as shown in Figure 2.2. In the daytime scintillation is
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For statistic in long-term scintillation has been analyzed by using 10s sampling from

original data. The first step of data analysis was to clean up the background system

noise by using a high-pass filter.

A data selection was made of 30 days of

measurement in every year of experiment. From each month of years, at least one day

was selected. Segments of these events were selected for detailed statistical analysis.

The segments of scintillation data were chosen from different seasons and different

strengths. Especially, data of scintillation pronounced in strong scintillation, most of the

days were always selected in the summer months.

analyzed.

Table 3.1 Satellite receiving station parameters

Approximately 250 events were

Frequency Band VHF S-band C-band
Frequency 244,165 MHz 1.694 GHz 3.9475 GHz | 3.9525 GHz
INTELSAT INTELSAT
Satellite FLTSATCOM GSM-5
904 (IOR) 802 (POR)
99.0°E,
100.8°E, | 100.8°E, . .
18.8°N 13°06' N, 100° 56' E
Position 13.7°N 13.7°N
(Chiang (Cholburi at Sriracha)
(Bangkok) (Bangkok)
Mai)

Satellite Position 71 °E 140 °E 60° E 174°E
Elevation angle 52.15° 42.40° 38.84° 40° 8°
Azimuth angle 247.53° 106.2° 110.34° 255.2° 93.96°

Yagi Uda,
Antenna 1.8 m. 21 m. 32 m.
9 element
Polarization RHPC Linear Polarization RHPC
Period of
10/2002 to 01/2000 to 02/2000- 06/2002 to 01/2002 to
scintillation
12/2003 12/2003 07/2003 12/2002 12/2002

observation
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3.2 Analysis of Scintillation Intensity

Scintillation Index S, is one of the most important parameters in the ionospheric
scintillation.  This thesis uses S, index measures the severity of the intensity of
amplitude scintillation. The parameter S, can be averaged over any appropriate
periods. Figure 3.3 presents the amplitude scintillation event at KMITL station on
S-band compares with S, index that is calculating every 1-minute and 5-minute. From
Figure 3.3 can be observed that §, index was corresponding with amplitude scintillation

on 14 September 2002.

-134 - Y T T e Y T e -
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Figure 3.3 Comparison between amplitude scintillation intensity and level of S, index

From Figure 3.3c can see the §, level is decrease when calculated in
5-minutes. The time shifts between amplitude fluctuation peaks and S, index can be
observed in Figure 3.3b and 3.3c. However, statistical analysis in short-term is

calculated in period 5-minutes as mentioned in the next section.
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3.3 Amplitude Distribution in Short-term

To study the probability distributions of the scintillation signal theoretically, several
approaches have been adopted in the literature. Normally, it is known that the
theoretical and experimental investigations which are the probability density of short-
term amplitude scintiliation following a Gaussian distribution and Nakagami-m
distribution. However, it has been found that for strong scintillation intensities, the short-
term distribution is not as symmetrical as the Gaussian distribution.  Although
Nakagami-m distribution is suitable more than Gaussian distribution but it is close to
amplitude scintillation only large fade. Therefore this chapter is to analyze and design
modeling of amplitude scintillation in short-term for every situation. Knowledge of the
probability density function (pdf) of amplitude scintillation is essential if one is to obtain

the overall satellite link availability [9].

3.3.1 Amplitude Scintillation Probability Density Function

The change of irregularities medium in ionosphere caused of amplitude scintillation
comprise random process is nonstationary. It is considered under condition of
stationary process if the irregularities condition is not changing in during period, which is
short enough to remain constant. It can be described in short-term pdf, which exists
during these intervals of stationary (i.e., constant scintillation intensity o). In generally,

it is described either by a probability density function or cumulative distribution function.

3.3.1.1 Gaussian or Normal Distribution

This distribution is applied to a continuous variable of any sign. The probability

2
(x)—a_\/.__exp[ l(x m)J (3.1)

where m is mean value, and o is standard deviation.

density function as [2]:

for cumulative density function as:

Fx)=— '27[ :[oexp(——( - jz]dz_—(nerf( - \/_)J (3.2)
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3.3.1.2 Nakagami-m Distribution
This distribution is applied to a non-limited positive variable. The probability

density function is equal to:

p(x) = —im——xz’”"le—ax (3.3)
r(mQ"

where Q is a scale parameter equal to the mean value of x* and the parameter m is

equal to the inverse square of scintillation index S,.

2
Q 1 _1
m = ( J = '—2 2 — (34)
-0 S4 2
The cumulative density function of Nakagami-m is close form expression as
X
I'(m,ml
F(x)= j p(de = LD (3.5)
. T (m)

where I'(m, mI)is the incomplete gamma function and I'(m) is gamma function.

3.3.1.3 New model (Modified by Viparat Torchakul)

This model is applied from nonlinear regression and Bayes' theorem. From
the law of total probability can be use to derive an important formula called
Bayes' Formula, the analysis of new model presents in appendix A. New model
separated the level of intensity by S, index, as shown in Table 3.2.

Therefore, the probability density function of new model in case §,<0.5 can be written

as:

; 43-0.7 2
2 yfv' (x~m)’ —;i‘;(x —m)- [_ﬂ-][s/; +logo? :I) (3.6)

nm(x)= 1 exp(_
p 5

p is the total of probability, m is mean value and m, is equal to the inverse square of

scintillation index S,. (m, is identical with m of Nakagami-distribution)

P=iexp(—?/§ (x- )-—2”'1—06— m)— [m][s/gﬂowz]) (3.7

44514
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Table 3.2 The level of S, index analyzes in new model

i v Parameter in second
S, index level i
term
1 S,<0.9 23
18
1{758,+2.50
—| 2 02V
i 08<54<09 14(3.75 S, o J
_225
10.5¢°*
3 0.7<8,<0.8 117.58,+250
16{ 3.75,/S, o
+
4 0.5<8,<0.7 g \/—
13
1(5
5 0.4<S,<0.5 _(‘“\/EH
13\ 2
2+S.
6 0.2<S§,<0.4 n 4
10.5 2\/5 5
1 \/_ 2m
7 0.15< S, <0.2 212 4085 1
) 9.5(2 J—)
S,<0.15
8 4 RN
L)

In case S,>0.5; the probability density function of new model as

1 -2. 25v 225 43-0.7logo?
() =~ ap(— (=) =1 (e m)~[=—— =] Vo +logo’ ) (38)

and

10.5¢*2 5

Hence, the cumulative distribution function of new model can be express

=~ -2.25 225 43-0.7logo”
= Z exp( O_yzv' (x—m)? ————=(x—m) —[—————9§0—][\/;+ log 02]) (3.9)

F(x)= I nm(x)dx (3.10)

The probability density functions of amplitude scintillations are indicated in Figure
3.4, 3.5 and 3.6. The theory of the Gaussian distribution, Nakagami-m distribution and

new model are compared to the experiment of amplitude scintillation in short-term.
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From Figure 4.9-4.14, when o, or o, is higher, the average [, /N, required will be
also increasing. The performance degradation can be expressed in term of the
increase in average [, /N, required to bring the (H,) under fading conditions to the
same value as for the unfaded situation. Table 4.1-4.6 show example of the degradation
atl0™ from Figure 4.9-4.14 respectively. The E,/N, degradation at BER=10""
present only experimental result of new model because there are small differences

between these models.

Table 4.1 E, /N, degradation for various scintillation conditions in C-band by CPSK
and NCFSK modulation

Condition, o, =0.8 E, / N, degradation
Modulation Technique o, at BER=10" (dB)

0.5 26.5

CPSK 0.7 30.1
0.9 34.5
0.5 35

NCFSK 0.7 36.8
0.9 39.9

Table 4.2 E, /N, degradation for various scintillation conditions in C-band by CPSK

modulation and using parameter in experiment

Condition, E, /N, degradation
Modulation Technique o, o, at BER=10" (dB)
0.7 0.3 21.25
CPSK 1 0.3 23.75
1.2 0.3 251
Using parameter in experiment 0.81 0.288 21.5
result of New model 0.881 0.181 19.8
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Table 4.3 E, /N, degradation for various scintillation conditions in S-band by:CPSK
and NCFSK modulation

Condition, o, =1 E, / N, degradation at
Modulation Technique o, BER=10" (dB)
0.3 24
CPSK 0.5 30
0.8 36.2
0.3 33.5
NCFSK 0.5 36.2
0.8 41.8

Table 4.4 E,/N, degradation for various scintillation conditions in S-band by CPSK

modulation and using parameter in experiment.

Condition, E, / N,degradation at
Modulation Technique o, o, BER=10"* (dB)
1 0.5 29.8
CPSK 1.2 0.5 34
1.5 0.5 42
Using parameter in experiment 1.21 0.236 24
result of New model 1.13 | 0.357 26.1

{

For Table 4.1, 4.3 and 4.5 as showing the average BER of CPSK and NCFSK modulation
in case o, varied and they are obtained from Figure 4.9, 4.11 and 4.13. Table 4.2, 4.4
and 4.6, are indicated the average BER for variable scintillation intensity (o, is varied)
and parameter from experimental results for various conditions that corresponding to
model in Figure 4.10, 4.12 and 4.14. This section has shown the significant degradation
of BER performance can be expected during moderation to strong scintillations.
Nevertheless, the values obtained for (P,,) are indicative of the amount of BER

degradation to be expected.



46

Table 4.5 E, /N, degradation for various scintillation conditions in VHF by CPSK and

NCFSK modulation
Condition, o, =0.8 E, /| N, degradation
Modulation Technique o, at BER=10" (dB)

1 34

CPSK 1.2 37
1.5 41
1 39.7

NCFSK 1.2 42
1.5 44

Table 4.6 E,/N, degradation for various scintillation conditions in VHF by CPSK

modulation and using parameter in experiment

Condition, E, /N, degradation
Modulation Technique o, o, at BER=10" (dB)
1 1.5 45
CPSK 1.2 1.5 51.5
1.7 1.5 62
Using parameter in experiment 1.409 1.5652 60
result of New model 0.92 1.802 47

4.4 Conclusion

The long-term of amplitude scintillation can be analyzed the model by using
Moulsley-Vilar distribution, analytical approximation and experiment results of new
model. However Moulsley-Vilar distribution and analytical approximation, in some events
will underestimation in the tail of Experiment distribution. In addition, the curves between
Moulsley-Vilar distribution and analytical approximation are similar. However, for long-
term scintillation of VHF, it is found that these models are close to the only fade side

while the enhancement side is close to Gaussian distribution. For experimental results of
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new model in long-term clearly appears with the experiment distribution more than
Moulsley-Vilar distribution and analytical approximation.

In this chapter is derived the average BER by using binary CPSK and NCFSK
modulation. The degradation of average BER for various conditions, which are quite
apparent that the performance becomes worse as the variability o, and o,, increases.
The variability parameter of o, for earth-space path has been suggested by experiment
observation in the range 0.5 to 1.5 [18]. However, the experimental results of the signal
amplitude distribution obtain on VHF, S-band and C-band lead to values of (P,,) against
(Eb /No) which agree well with the results obtained using the theoretical Moulsley-Vilar

distribution and new model.



CHAPTER 5
CONCLUSION

5.1 Summary of the Study

Statistical analysis of amplitude scintillation due to ionospheric scintillation has
been analyzed in VHF, S-band and C-band. The models of amplitude scintillation in
short-term are presented by Gaussian distribution and Nakagami-m distribution to
compare with the new model. In general the Gaussian distribution is close to the large
enhancement while Nakagami-m distribution is close to the large fade. According to the
experimental results in short-term, the new model is more suitable than Gaussian and
Nakagami-m distribution on all these frequencies, especially in the large enhancement
can be observed that the new model is more suitable than Gaussian distribution
including strong scintillation cases. For Nakagami-m distribution in the strong
scintillation case; especially VHF observed, it is not close to the large fade (when S,
index is more than 0.8). The percentage of the correlation coefficient between
experiment and new model is higher than Gaussian distribution. The percentage of the
correlation coefficient between experiment and new model in S-band, VHF and C-band
is 63%, 56% and 40% respectively. Therefore, the new model in short-term is the most
suitable for S-band scintillation. However, the data of amplitude scintillation in S-band is
much more than other frequencies. For cumulative distribution function of amplitude
scintillation can be obtained the different value from 5% Peak and 95% Fade. However
all scintillation events calculation can obtain the average receiver dynamic ranges which
is appropriate for the scintillation characteristics in the particular station.

The long-term scintillation is analyzed by Gaussian distribution, Moulsley-Vilar
distribution and analytical approximation including the experimental results of new
model. These models depend on the parameter o, and o, except the Gaussian
distribution is based on mean value and standard deviation. The Gaussian distribution
is not good for the experimental data in the long-term on S-band and C-band
scintillation. While VHF scintillation in the enhancement side appears closely to

Gaussian distribution more than other models. In addition, the Moulsley-Vilar distribution
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and analytical approximation are underestimated in the tail of strong scintillation
(summer). The observation of amplitude scintillation in long-term is consistent with
experimental results of new model more than Moulsley-Vilar distribution and analytical
approximation. The experimental results can be observed remarkably eventhough there
are little data of amplitude scintillation during analysis in long-term. The theoretical
estimation of the average bit error rate for digital link is subjected to scintillation fading is
presented by CPSK and NCFSK modulations. The degradation of average BER for
various conditions obviously appears that the performance becomes worse as the

variability o, and o,, increases.

5.2 Remark for the Future Research

The prediction models of the effects of ionospheric scintillation should be
analyzed in each frequency because in each frequency has various parameter such as
frequency related to intensity of scintillation. In addition, the long-term amplitude
scintillation should have data more than 3-4 years, especially in the year of solar

maximum for analysis accuracy.
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APPENDIX A

Analysis of new model in Short-term

In this appendix we briefly discussion some the part of analysis of new model by
nonlinear regression and Baye's Theorem. The analysis of new model has following by

three components:

1. Nonlinear Regression

In many problems two or more variables are inherently related, and it is necessary to
explore the nature of this relationship between two or more variable. Nonlinear
regression is an important and powerful too! for data analysis. A nonlinear regression
model can be expressed as

Y =f(x,P)+e, i=12,.,n
where f(x,, ) is a nonlinear function of the parameter vector .

1.1 Generalized nonlinear regression

Very often, data is known to be best fit by certain model function. For example,
perhaps you know that an exponential function provided the best fit for your particular
data. A density f(x, ) belongs to the exponential family of density functions, f(x, )
can be expressed in the form

fx,p)= Pt Bt 4 Bx”
The exponential family of density functions provides a unified approach to estimation of

the parameters in generalized models.

1.2 Parameter Estimation

In practice, depending on the application, we assume that the form of the nonlinear
regression function 4y (x,,...,x,) is known but it contains unknown parameters
B,,...B,. We discuss point estimation for the unknown parameters in a nonlinear

regression function using the method of least squares.
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1.3 Least Squares Estimates of ..., 5,
A popular method for estimating the unknown parameters in a nonlinear regression
function is the method of least squares. According to this method, the estimates of

B.,..., B, are obtained by minimizing the quantity Z" e’

=1 F !

the sum of squares of errors
of prediction, where ¢; is given by

€= Y= by (X5 X1 )
As usual, the least squares estimates of f,,..., 8, are denoted by ﬁ,,...,ﬁp. The
estimated value of the subpopulation mean g (x,,...,X;) is denoted by ;zy(x,,...,x,,).
It is referred to as the fitted value comresponding to Xx,,..,%, and is obtained by
substituting the least square estimates of the parameters into the regression function.
This is algebraically expressed by the equation

y (G %) = Hy (i %5 By B )

The quantity e; defined by

e = Yi "‘;‘r (X1 i)
is called the residual corresponding to sample item .

The minimum value for the sum of squares of errors of prediclion corresponding to

the least squares estimates ﬁl,...,ﬁp is denoted by SSE, an abbreviation for the more

complete notation SSE(x,,...,x,) . Thus

n

"o - 2
SSE = Zeiz = Z[yi —Hy (xi_la'-':xi,k)]
i=l

i=l

and, as in linear regression, we refer to SSE as the sum of squared errors.

1.4 Computation of Least Squares Estimates

In the case of multiple linear regression, the least squares estimates of the
parameters f,,...,, can be computed quite easily using formula. However, the
estimation of parameters in nonlinear regression models usually requires the use of
iterative methods on digital computers, and explicit formulas for the estimates are

generally not available.
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2. Probability Distribution

Then a probability distribution or probability density function (pdf) of X is a function
f(x) such that for any two numbers a and b with a<b,

Plas X sby=[. f(x)dx

That is, the probability that X takes on a value in the interval [a,b] is the area above
this interval and under the graph of the density function. The graph of f(x) is often
referred to as the density curve.

For f(x) to be a legitimate pdf, it must satisfy the following two conditions:

1. f(x)=0 forall x

2. r f(x)dx = area under the entire graph of f(x) =1

For design model is probability distribution. The analysis of new model is applied by

Bayes' theorem.

3. Bayes' Theorem

The law of total probability can also be used to derive an important formula called

Beayes' Formula. Bayes' theorem can be expressed in discrete form, as follows:

P(s,/z):-)YM and i=1..M
P(z)
whers P(2)=Y. P(z/3)P(s)

Therefor, this thesis is applied these method for new model. That equation is showing in

equation (3.6) and (3.8)



56

APPENDIX B

The correlation coefficient

Correlation is a statistical technique which can show whether and how strongly
pairs of variables are related. That the correlation is a single number that describes the
degree of relationship between two variables. The sample correlation coefficient recall

that the correlation:
Cov(X,Y)
JVar(XWar(Y)

The sample correlation coefficient, r (also know as the Pearson product moment

Corr(X,Y)=

correlation coefficient) for a set of paired data observations (x;,;) is '

r= SXY - Z:':l (xi - ;)(yi _.;)
n —2 " -
VS A \&::1 x? —nx \/Zi=lyf —nyz
Z:':l X _nE

n .t n —2
J 1=1xi2—nxq21=1yi2—ny

Propertied of 7 : the most important properties of r are as follows.

1. The value of » does not depend on which of the two variables under study is labelled
x and which is labelied y

2. The value of 7 is independent of the units in which x and y are measured.

3. The value of » may take on any value between plus and minus one. (-1<r<l)
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