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~‘ brate and iteratively test the morphological description of ionospheric struc-
ture that underlies the model.

The foregoing objectives have been met, and the research results have been com-
mitted to two computer codes for performing systems—oriented, signal—statistica
calculations. The more extensive of the two codes, IONSCNT, contains the mor-
phological model and a two—component propagation routine that permits calcula-
tion of both focusing and diffractive—scatter effects. Mode I of IONSCNT pro-
vides calculation of intensity and phase scintillation indices and other first—
order, signal—statistical parameters as functions of frequency, observing geom-
etry, or other relevant variables from a user—selected set of ionospheric state
parameters. Mode II of IONSCNT extends the Mode—I results to second—order sta-
tistics for cases to be selected by the user.~~Similar1y, the user may employthe second code, DIST, for calculating first—3i’der~~~robability distributions of
phase and amplitude (including fade—margin curves for selncred situations.

The model is soundly based in propagation theory and calibrated against the ben
available scintillation data. It is limited, however, by both theoretical ap-
proximations and incomplete data. Inherent in the model are research choices o
effective ionospheric scale sizes that probably have no geophysical signif 1—
cance. One result is that the phase scintillation indices calculated account
only for the effect of structure of sufficiently small scale (on the order of a
kilometer) that intensity scintillation at VHF can be produced. Larger—scale
phase trends must be accounted for separately, although a straightforward extra
polation is often adequate. Furthermore, the model describes only representa-
tive conditions for the set of input parameters selected by the user. Night—to
night departures from the calculated “mean” scintillation levels for a given
set of state parameters (including sunspot number and IC ) are not accounted for
and can be considerable. 
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I INTRODUCTION

This document presents the fina l results of an effort to develop a
computer model of the transionospheric radio communication channel. It

contains an overview of the model, including the propagation theory em-

ployed , the ionospher ic morphology incor porated, and the signal statistics
*characterized . Its companion volume (Rino et al., 1977) will be a users ’

guide to the computer codes developed in the program.

Initial work on the program extended a preexisting model of inten-

sity scintillation to provide a mathematical tramework for characterizing

the full first-order statistics of a complex signal transmitted through

the ionosphere. In the first half of the present contract, the first-

order, signal-statietical model was tested against observations of inten-

• sity and phase scintillation from the Navy Navigation (Transit) satellites

and ATS-6. The model was thereby improved substantially and extended to

the second-order , temporal-statistical domain to permit calculation of

the temporal autocorrelation functions of intensity and phase. In addi-

tion, conditions were removed that had restricted the model to weak,

single scatter.

One aspect of recent work on the program was to provide the capability

for calcu lating second-order signal statistics to other than the temporal

domain. In particular, one may now employ the computer code IONSCNT to

calculate the spatial autocorrelation functions of phase and intensity

and the intensity correlation coefficient for two frequencies transmitted

through the ionosphere. The final work was to perform iterative testing

of the model against definitive intensity and phase scintillation data

obtained by means of the DNA Wideband satellite , to improve quantitatively

both the signal-statistical and morphological aspects of the model.

*References are listed at the end of this report,

I
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The signal-statistical postulates and the propagation theory employed

are described in Section II of this report. The average morphology of

the ionospheric structural parameters that control scintillation , as in-

corporated in the model, is described in Section III. The two computer

codes by means of which the model is implemented are outlined in Section

IV , and some sample calculations are presented ; the codes will be de-

scribed fully in a companion volume (Rino et al., 1977). It is to be

noted that the morphology employed in the model is limited to “average”

conditions representative of the ionosphere for a set of state parameters

(location, time of day, day of the year, sunspot number , and planetary

magnetic index) to be specified by the user. Departures from the “mean”

behavior for a given set of state parameters are not accounted for. This

• and other limitations of the model are described in Section V of this

• volume, in which we present our conclusions from this work.

r -
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II SIGNAL STATISTICS A~ D PROPAGATION THEORY

A. Heuristic Description

The transionospheric coninunication channel m a y  be regarded as a

linear filter , the transfer function of which varies temporally and spa-

tially. Fundamentally,  the ionosphere behaves as a dispersive, phase-
shifting network for all radio waves. The gross carrier phase shift,

group delay , and dispersion introduced all are proportional to the inte-

gral of electron density along the principal raypath of a coimnunication

link. This integral, the “total electron content” (TEC), displays trend-

like variations with location on the earth, time of day, season, and the

level of solar/geophysical activity. These trends take place on very

large spatial scales (hundreds and thousands of kilometers) and long time

scales (tens of minutes and hours), and the communication-channel effects

associated with TEC are best treated deterministically. Models of TEC

behavior and ef fe cts (e.g., Klobu char , 1975) are available for applica-
tion to the design and operation of communication and navigation systems

and of radars.

The present work addresses effects of smaller-scale (tens of meters

to tens of kilometers) ionospheric structure on link performance over

shorter time scales (fractions of a second to minutes). Unlike the de-

terministic effects of TEC, the intensity and phase scintillations pro-

duced by the small-scale structure are best described in terms of signal

statistics. As described in interim reports on this contract (e.g.,

Fremouw and Rino, 1976) , the signal-statistical model developed is corn-
plementary to existing TEC models, in terms of time scale and spatial

scale and in terms of link effects.

The large-scale structures identified as trends in TEC produce pure

phase trends in CW signals, whereas the unambiguous signature of smaller-

scale, scintillation-producing structure is well-developed intensity

3
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fluctuation , accompanied by phase variations . The slowest intensity

sctnttllations typically are observed to be relatively weak and to be

accompanied by relatively strong phase scintillations .

An example of complex-signal scintillation i~ presented in Figure 1.

The data presented are from the DNA Wideband satellite (Fremouw et al.,

1977). Phase (TEC) trends with Fourier periods greater than 10 s have

been removed , as have intensity trends (due to changing range to the

satellite , etc.). The complex-signal scintillation clearly is dominated

by phase variations , but intensity fluctuations also are present on all

Fourier frequencies greater than 0.1 Hz, as is demonstrated in Figures

2 and 3.

Figure 2 illustrates the scintillations contained in Figure 1 that

have Fourier periods between 2.5 and 10 s, isolated by means of filtering

intensity and phase. The weak intensity variations present are correlated

with the strong phase variations that dominate the complex-signa l scintil-

lation in this period range. The coL relation is evident in the complex-

plane scatter plot at the top of the figure; that is , there is a marked

tendency for a phase advance to be accompanied by a weak fade and for a

phase retardation to be accompanied by weak signal enhancement. This is

the behavior that would be expected in the geometric-optics (near) zone

of large lenslike ionospheric irregularities.

• The scintillations with Fourier periods shorter than 2.5 s are illus-

• trated in Figure 3, which shows that most of the intensity scintillation

occurs in this period range, accompanied by relatively weak phase fluctu-

ations. The statistical behavior illustrated is consistent with diffrac-

tive scatter by smaller-scale irregularities.

The behavior typified by Figures 2 and 3 prompted us to postulate

that the complex envelope, E, of a scintillating signal may be character-

ized in terms of the following two-component, signal-statistical model

(Fremouw and Rino, 1976) :

E — E
5 Ef 

— (x
5 + iy5) exp (Xf + iøf

) (1)
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TIME — a

LA-4255-36

FIGURE 1 THREE REPRESENTATIONS OF VHF (138 MHz) COMPLEX-SIGNAL.
FLUCTUATIONS DURING 90 $ OF A SATELLITE PASS OVER STANFORD.
CALtFORNIA. Top to bottom: Scatter plot on complex plane; real and
imaginary parts of complex signal; amplitude and phase of complex signal.
intensity end phase scintillation indices are $4 — 0.28. and a, — 1.58 red,
respectively.
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FIGURE 2 THE FOCUS COMPONENT (containing Intensity and phase fluctuations with
Fourier periods shorter than 2.5 a) OF THE COMPLEX-SIGNAL SCINTILLATION
PRESENTED IN FIGURE 1
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where x and y are jointly Gaussian variates , as are and I t is

supposed that E and E
1 
are statistically independen t. Thus , the first-

order statistics of E are totally specified by six (co)variances : ~f,

a
2 

~ 
~2 ~

2 a • The “six sigmas” are related to structural param-
y xy x 0 X0
eters of the ionosphere by means of the propagation theory described In

Section Il-B ; the resulting relationships are summarized in Section 111-A .

There have long been two intuitive notions about the complex-si gnal

statistics to be expected for a scintillating signal. The first is based

• on the conceptual model of summation of “randomly” phased contributions

from a large number of scattering centers (Ratcliffe , 1956). ThIs notion

leads to the suggestion of Rice (1945) statistics or a generalization

thereof (Beckman and Spizzichino, 1963), in which the quadrature components

of the signal are possibly correlated Gaussian var ia tes  w i t h  possibly

different variances (Rino and Fremouw , 1973 ; Rino et il., 1976). The

second notion is of a radio wave propag~iting in essentially straigh t i’aths

• along which the phase is randomly increased and decreased in such a way

that the output phase is a Gaussian variate (Bramley , 1955). A natura l

extension of this view is to suppose th~tt the real and imaginary parts

of the logarithm of the signa l are normal variates .

• The tw’ -component model defined above is simply a unification of the

foregoing two notions in a way suggested by the first definitive complex-

signa l scintillation data to become available. The two components are

multip licative because they were isolated experimentally by a process

equivalent to a coherent AGC circuit. h euristically, the components

might be expected to be multip licative because they stem from additive

perturbations of the imaginary part of the complex logarithm (i.e .,

phase). A partial formalizing of the two-component propagation theory

is described in Section TI-B .

Our propagation calculations employ (1) the phase-screen approach

to describing the wave perturbation imposed by ionospheric structur

subject to the Markov approximation , and (2) the parabolic-wave equation

for calculating diffract ion effects , which is appropriate for all narrow-

angle scatter problems. The unique feature of the approach is partitioning

S
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of the ionospheric spatial spectrum into two scale-size regimes (of no

geophysical significance) to permit efficient computation and to incor-
porate the empirically derived two-component signal-statistical model.

In essence, the computations are divided into one that accounts fully for

diffractive scatter by relatively small-scale irregularities and one that

employs the ray-optics approximation appropriate for efficient evaluation

of focusing and defocusing by larger-scale irregularities.

A heuristic picture of the two-component model might be of a wave

encountering a scattering layer , emerging with a scattered and a non-

scattered part , and then passing through a region of larger phase-perturb~ng

structure. The phase of both the scattered and nonscattered parts would

be spatially modulated by the second region. Statistically, at least ,

the results would be the same if the positions of the two perturbation

• processes occurred in the same region. In this heuristic view , one might

• suppose that only the coherent (nonscattered) part of the scatter compo-

nent would produce focuses after propagating through the large-scale ,

phase-perturbing screen. There is some evidence to support this suppo-

sition in data from the DNA Wideband satellite , and we have imposed a

focusing limit in the model.

B. Mathematical Development

To develop a mathematical formalism that will allow us to relate the

parameters that characterize the first-order signal statistics to the

irregularities that ultimately cause the scintillation , we first consider

the parabolic-wave equation,

~E(r~z)  
-i V~ E(~ ,z) + ir

e 
)~ ~~(r,z) E ( r ,z)  . (2)

By making the partition

~N = ~~N + ~~Nf (3)

in Eq. (2), where ~N gives rise to the scatter component and AN
f 
gives

9
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rise to the focus component, and substituting E — E E
f 

from Eq. (1) into

Eq. (2), we obtain the coupled differential equations,

-i ~~ E + ir )~ A N E  - i 

~~ 
(
~

) V~E (4a )

and

— — -i ~~
— V~ Ef + ir X t~N fEf 

. (4b)

The second equation is solved for the log amp l i tude , Xf~ and phase ,

of E
f 
by using the ray optics approximations

L -.

Of ~ 
r
e 

X sec of’ ~iNf( ~~ 
+ tan 8 a~~ z~ z) dz (5)

and

~~~~~~
V
~~
Of 

(6)

where

(7)

The notation used here is defined in Rino and Fremouw (1977).

From Eqs. (5) and (6) it follows that

à2R à 2
R

(Xf
O
f) 

— ( Xz sec ) a11 
+ 2 a12 

+ a22 2 
(8)

• and that

10
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-

~XfXf) 
- 

[a11 

~ 
+ 
~~l2 

~~~
3
::: 

+(4a~2 + 2a 11a22)

_______ 2 øf l
+ 4a 12a22 2 3 + a22 ~ 

(9)

~APx~ APy ~~~ j

where ROf 
is the phase autocorrelation function. The coefficients a11

are defined in the companion volume , as is the form of the phase auto-

correlation function.

The scatter component is more difficult because the near-zone approxi-

mation cannot be made. Moreover , we must also consider the coupling term

in Eq. (4a). We assume , however , that the partitioning in Eq. (3) is

such that the scale for changes in V
T
E
f

/E f (i.
e., VT 

Ln E
f
) is su ch larger

than the scale for changes in V
T
E
5. 

Then Eq. (4b) can be solved as if

the V
T
E
f

/E f 
term were constant. In this case, it can be shown that the

gradient term makes no contribution to the second-order moments of E5.

If we make the further assumption that E is Gaussian , the second-order

moments completely specify the statistics of E5. If follows that the

V2E 1E term has ao effect on the statistics of E --that is, E and E
T f f  s s f
are statistically independent.

By this argument , we can neglect the coupling term in Eq. (4a). To

then solve Eq. (4a) , we u se the phase-screen approximation so that

E (~. ~) = - exp i 0 ( f l ’) ~dp ’ (10)

where F(~ - p ’) is the free-space diffraction kernel for a wavefield

sca t te red  throu gh narrow ang les .  Because E is Gaussian , its sta tistics

are completel y specified by the second-order coherence functions

R K~ E
’*~ and B — <E E ’>.

S S 5  S 5 $

When R is computed using Eq. (10), the diffraction kernel becomes

a delta function so that R does not vary with z. Thus, a simp le analytic

U
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formula  that is given in Sec t ion  2 of the A ppe n d i x  of the companion volume

(Rino et al., 1977), can be used.  For B a formula very similar to Eq.

(10) r e su l t s , which must be e va l u a t e i  n u m e r i c a l l y .  The d e t a i l s  are  de-

sc ribed in  the companion volume .

To summa r i ze , as long as E is Gauss ian  and the sca le  for  changes

• in  V Ln E is very  large compared to the  scale  fo r  changes  i n  ~ F• , we

can r e l a t e  the m u l t i pl i c a t i v e  s c a t t e r  and focus  compo n ent s  t~ d i s ) o t n t

and therefore independent spectra l scale size regimes of the contributing

irregularities. From these relations we can calculate the signa l moments

tha t describe the field as a function of parameters that characteri;~e the

spectrum of the ionospheric i r r egu la r i t i e s .  This c o ns t i t u t e s  the forma l

basis of all the mathematica l computations used in the code.

12
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III SCINTI LLATION t4~RPHOLOGY

A. Controlling Parameters

As will be outlined in Section IV , two computer codes have been de-

veloped under this contract. The primary scintillation calculations are

performed in the more elaborate of the two codes , IONSCNT. There are

two operationd l modes in IONSCNT , one to provide first-order signal-

statistical parameters and ot~e to provide second-order quantities . The

ultimate outputs of the first-order mode are the six sigma s that charac-

terize the two-component scintillation model and the scintillation indices

for phase, 0, and intensity , I, which are defined respectively as follows :

a
0 [ø

2
> - (~~ 2 J  (1 1)

2
S ~ (j : ) 

. ( 12)
4 

~i)

According to the two-component model , the phase and intensity scintil-

lation indices for the composite signa l are given in terms of those for

the scatter and focus components as:

2 2 2a0 - o 0 +a ~ ~~ 3)
S f

and

s~ — (s~ + I)  (s~ + t )_ i . ( 14~

The component indices are obtained as follows. The most complicated

is the phase scintillation index for the scatter component. It is ob-

tam ed by performing the following two integrations :

13
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~s 1’h (øs; 
a , ~~~ °iI,Y,) 

dØ
5 (15)

and

1

21T 

~~ ~
‘H (øs; 

c
x P 

~~~~~~ 
a
x 7 ) ~

øs (16)

over 
~H’ the Hatfield phase distribution for a signal with complex Gaussian

• statistics. The Hatfield distribution (Hatfield and Rino, 1975) is

specif ied by

— ~~ ~~ - Re {B0, }] (17)

2 

— .
~~ [R + Re {~~}] (18)

= tin {~ } (19)

• where
2

-CL
R = l - e (20)

Os

where a~ is a scattering coefficient per unit depth in a 
layer of thick-

ness L (see Eq. (31)1, and B is obtained from numerical evaluation of

the diffraction integrals by a procedure described in the companion vol-

uine (Rino et al., 1977). The quantities above are also used to calculate

the intensity scintillation index for the scatter component , as follows:

s2 
— 4a2 

(I - P. + 18 1
2 (21)

4s x~~ 0 8/  Os
x

The phase and intensity scintillation indices for the focus compo-

nent are calculated , respectively, as

(22)

14
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and

Xf
S4f e - l  (22)

where a~L is the var iance of phase perturbation imposed by a layer of

thickness L [see Eq. (30)1, and C~ f is obtained from numerical evaluation

of differential equations derived from the geometric-optics approximation

of the parabolic wave equation, as described in Section lI-B; the same

approximation is used to calculate CXfOf•

The propagation equations that govern B
8, 

and CXf Of 
depend upon

the observing geometry relative to a horizontally stratified ionospheric

layer and to a geomagnetic field model and upon several parameters that

characterize the size and shape of ionospheric irregularities. As de-

scribed in the companion volume , the three-dimensional spatial power spec-

trum employed to describe the irregularities has a power-law form with

a s pec tral index of minus fou r , corresponding to an in-situ (one dimen-
sional) spectrum of (

2~ Provision is made for anisotropy in two di-

mensions , one along the magnetic field and one perpendicular to the field.

The spectrum over which the variance of ionospheric electron density ,

is modeled is limited by an outer-scale parameter , a’f ,  and the
spectrum is divided into two components by means of an inner-scale cutoff

for the focus component , 
~~ 

and an outer-scale parameter for the scatter

component , Q’~.

B. Behavior of Axial Ratios, Scale Sizes, and Height

The axial ratios, a (along the field) and b (perpendicular to the

geomagnetic meridian plane) were set to reproduce known geometrical char-

acteristics of scintillation. Interferometer observations have shown

that scintillation-producing irregularities are highly elongated along

the magnetic field near the geomagnetic equator (e.g., Koster et al .,

1966). Recent studies by Rino (1977) indicate that high-latitude irregu-

larities are somewhat elongated perpendicular to the geomagnetic meridian

as well as along the magnetic field (i.e., that they are sheet-like along

L-shells rather than axially syninetric along the field).

lS 
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To include the foregoing experimental characteristics , the axial

ratios a and b have been modeled as functions of geomagnetic latitude ,

as follows:

• / X - 20° \
a 30 - 10 ~l + erf 

in 

~ ) ~24)

and

/ x
b = 1 + 2.5 ~~ + erf ~ 30 

b) (25)

where demarks the geomagnetic latitude of the scintillation boundary

• between the midlatitude ionosphere and the subaurora l ionosphere. Equa-

tion (24) provides an along-field axial ratio of 30 near the geomagnetic

equator , switching to 10 fairly abrupt ly at a geomagnetic latitude of

20°. Equation (25) describes axial sysuuetry at latitudes equatorward of

the scintillation boundary . Poleward of the boundary there is an addi-

tional elongation in the geomagnetic east-west direction , with a ratio

of 6:1 (b = 6) relative to the remaining cross-field dimension.

j  The three scale parameters cr~ , 
~~ 

and were established by

iterative testing against signal-statistica l samples obtained from passes

of the DNA Wideband satellite. The most satisfactory fits were found to

• be different at different latitudes. (No data were available from the

polar caps.) Variation of the scale-size parameters with geomagnetic

latitude , X , has been modeled as follows:m

900 + 850 (t + erf ~~ ;o
2)

~~~~ meters (26)

— Q~f
/2~S (27)

and

(28)

16
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Equation (26) provides an outer scale (transverse to the magnetic

field) of Just under 1 km (i.e., approximately equal to the Fresnel-zone

radius for VHF waves in the F layer) near the geomagnetic equator and of

~about 2.6 km poleward of 20° geomagnetic latitude. It is to be noted

that the actual outer scale of ionospheric irregularities probably is

considerably greater than one or a few kilometers; the present model

accounts only for irregularities that produce scintillation , defined in

terms of intensity fluctuation . Equations (27) and (28) are used to

maintain effective continuity between the focus and scatter components

of the spatial spectrum employed , while also safeguarding validity of

the ray-optics approximation used for calculating propagation of the focus

component of the perturbed wave.

The reason for employing a smaller outer scale in the equatorial

region than elsewhere is that we have consistently observed with the DNA

Wideband satellite that the ratio of S
4 

to a~ is larger (unless, of course ,

S
4 

is near its limiting value of approximately unity) in the equatorial

region than elsewhere, for data processed in an identical fashion. In

terms of the phase-screen model, this observed fact means that a given

level of phase perturbation (within the spatial spectrum admitted by

10-s detrending) results in stronger propagation effects (focusing and

diffraction) near the equator than at higher latitudes. Employing a

smaller outer scale for a given level of <(~N) 2) is one way of accounting
for sw-h behavior. A systematic decrease in the spectral index with

decreasing latitude also could account for this effect. A variable spec-

tral index, however, greatly complicates the computer code. Thus, we

have not incorporated this option.

A greater propagation distance (i.e., employing a greater scattering-

layer height) also increases the level of intensity scintillation . There

is evidence from backscatter observations (Wood ma n and La Hos, 1976), for

development of fine structure from the bottomside to the topside of the

equatorial ionosphere. We have incorporated a simple latitude dependence

of scattering-layer height in the model , as follows :

17
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I >~
H 500 - 75 + erf ~ 

~• 
) km (29)

which places the center of the layer at 350 km at geomagnetic latitudes

greater than about 20° and at 500 km near the magnetic equator.

C. Behavior of Scattering Strength

Once geometric and signal-statistical behavior is modeled by choice

of axial ratios, scale sizes, and height , the worldwide morphological

behavior of scattering strength is the dominant consideration for scintil-

lation modeling. The total disturbance imposed on the wave consists of

the vavefront perturbation imparted by both the focus and scatter portions

of the spatial spectrum, whose integral is ((~N) 2). For the focus com-

ponent , the variance of the phase perturbation imposed by a layer of
thickness L is given by

r
2 
~
2 ab~~~

r
~ K(~N))~~ L sec e [

~ 
:~:::~

:]
~

The corresponding quantity for the scatter component is

abO ((~~)2)
C L r~ X 

S L sec 8
S e C cos 8

where $ is the incidence angle on the layer , C depends on detai~~’ of the

scattering geometry through the anisotropy of the irregularities , r ~
the classical electron radiu s, \ is the radio wavelength , and the K’s

denote the modified Bessel function.

All the geophysical parameters In Eqs. (30) and (31) were discussed

in Section lIt-B , except L and ((ANY> ~~~~ + ((Ar~fl~ >. In con~unc-

tion with the latitudina l dependence of layer height , the layer thickness

also was modeled as a simple function of geomagnetic latitude , as

follows :

18 
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I X - 20°
L - 200 - 50 1 + erf ~ ) 

~~ 

. (32)

With a’f
and a’ set, the relative amount of perturbation assigned to the

focus and scatter components is that required for their respective spectra

to be asymptotically continuous. The condition is

((AN )~) - ~~~~ (~~
) . (33)

Finally,  observed morphological characteristics of intensity and

phase scintillation were invoked to write the following mean , morphologica l
2

description of ((AN) ):

((AN)2) - AN (X~~T) + ,T,K ) +
+ ANe(Xm~Xg~

T~D~R) . (34)

• The first two terms and the last term on the right of Eq. (34) account

• for behavior at , respectively, middle , high , and equatorial latitudes ,

as functions of geomagnetic latitude , X , geographic latitude , Xg~ 
local

time of day in hours, T, day of the year , D, mean sunspot number , R , and

the planetary magnetic activity index , K . The third term in Eq. (34)

accounts for scintillation associated with the aurora l oval.

The midlatitude term , centered at a geomagnetic latitude of 32.5°,

contains only a simple diurnal variation , as follows:

AN = 1.3 x io~( 1 + 0.33 cos ~~~)
exp 

(X m - 
32.5°) 1 . (35~m 12 (15°) J

The high-latitude term ,

~/ x ~~~ANh 
— 3 X io~ ( I + erf m b 

~el/m
3
, (36)

h p~

dominates poleward of the scintillation boundary , the geomagnetic latitude

and width of which vary with magnetic activity and time of day as follows:

19
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— 68.5 - 1.8 K - (~ 
+ 0. 5 K )  COS ( 1 1 )

— 5 4 0.. ti~ g . ( 38)

Superimposed on the high—latitud e t erm I s  the f o l l o w i n g  a u r o r a l — o v a l

term:

F 1X X~ 2l
AN — 3.2 X io8 K exp - -‘ m ~~ e l/m (39)

a I (1.1K
L \  P

where

Xa 
— 74 - 1.8 K cos deg , (40)

The most complicated term in the morphological model i s  t he  following

one describing behavior near the geomagnetic equator :

AN - 2.3 X 1O
9 
(1 + 0.04R) ~ [ 

(X - 100)
2 

+ CXI) [ (x + lO;) 2

L (10°) [ (10°)

f - 0.4 [ TT(D + 10) + cos

~~exp ~~~

_ ~T + 1.5) 21 + exp (T - 22.5)
2 
1el/m~ (41)

~ 
[ (6) j L T

R J
where

— 
6 

I f  I ... 22 .5

Equation (41) describes a region of disturbance tha t pt~iks some 
100 on

each side of the geomagnetic equator . This somewhat speculative morpho-

logical behavior has been invoked to account for a very persistent t e a t u r e

of scintillation observed at Ancon , Peru and Kwa lalt’tn , Marshall Lslands

20
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(both within a few ~I t ’~~r e t~s ol t h e  m a g n e t i C  equator)  on s igna ls  from the

PNA WI dehand sa t  e l l i  t e . The per 1st ent behavIor  is an increase in

s ct n t  i t tat ton  nea r he eI~ ls  o t  s.i t i.1 i i  te passes that is stronger than we
h.IVe het’n abl e  t o  ic count  t~~ i on the basis of any purely geometrical

f e a t t i t i ’ ot the mode~l

• Eq ua t i o n  i - ’,t) i ( ~~o in c l ud e s  a linear increase of scintillation activ—

i t ~ w i t h  in c r e a s i n g  -unspo t number , and a diurnal peak somewhat before
• toc.i I m i d n i g h t , w ith I t t  l v i i  v in c r e as ing  r a th er  r ap id ly  a fter F—layer

sunset a n t i  dec.i~ in g  In~~te’ slowly .i t t er  the  peak. The seasona l v a r i a t i o n

inc ludes  equ t u o c t  t a t  peaking hut w i t h  a “ f i l l i n g  in” of ac t i v i t y  in the

local suitmwr season ( i . e .,  cente r ed on the December s o l s t ic e  in  the geo-
- g ra ph i c  sou t hern hemisphere and on the June so ls t ice  in the geographic

- nor thern  hemisph er e l . This somewhat complicated behavior is cons ist en t

with dtfterences In seasonal patterns observ ed at Kwajaletn and at Ancon

- l and reproduces reasonably well the equinoctial peaking observed by Koste’r

(1966) and Koster et al . (1966) for observations at  a statIon near the

geographic equator in Africa ; it is untested at other locations , however .

I
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IV COMPUTER CODES

Two user codes have been developed under this contract: IONSCNT for

calculating first-order and second-order signal-statistical moments, in-

cluding scintillation indices for intensity and for phase and several

correlation functions; and DIST for calculating first-order, probability-

density functions (PDFS) for intensity and phase and the corresponding

cumulative distribution functions (CDFS).

Figure 4 shows a simplified, overall flow diagram for IONSCNT . The

• user inputs a set of selected ionospheric state parameters plus a descrip-

tion of his intended operational geometry. The code then calculates the
• appropriate ionospheric structure parameters from the morphological model

contained in subroutines R}ISDN and MDLPRM. The quantities relevant to

the scatter and focus components are passed to routines for calculating

diffraction and geometric-optics propagation effects, respectively .

The outputs from IONSCNT always include the intensity and phase
• scintillation indices, S

4 
and c7~~, and the six sigmas that describe the

two-component, first-order , signal-statistical model. If the user has

selected operating Mode II, second-order statistical counterparts are

put out as well, including the temporal autocorrelation functions of

intensity and phase , analogous information on the spatial autocorrelation

function , and (if requested) the correlation coefficient for intensity

fluctuations on two user-selected frequencies.

The temporal autocorrelation functions are computed from the calcu-

lated spatial autocorrelation function, using a velocity that accounts

both for line-of-sight motion through the F layer and an assumed drift

of otherwise unchanging ionospheric structure.  The d r i f t  velocity is

eastward at a speed given by the following geomagnetic-latitude-dependent

model:

—

PIIZCZAU~G PA~I MLA~~~
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50 - 15 (i + erf 
~ 

_ 200) 
+ 40 (i + K )  (I + 

X X
b) (42)

i~hich yields 50 m/s in the equatorial zone, 20 rn/s at middle latitudes,

and upwards of 100 m/s poleward of the subauroral scintillation boundaries,

depending on the level of geomagnetic disturbance.

An example of the Mode-I output of IONSCNT is presented in Figure 5.

The increase in scintillation early in the second half of the pass arises

from a combination of (1) geometric enhancement by sheet-like irregularities

GLOBAL

~~~~~ HvSI~~i\ ~~ (AN2)
~~PARAMETE.R~J MODEL

(a.b.6)

SCATTER COMPONENT FOCUS

[ 
a~. (AN )  

SEPARAT IC~~
J lit .

GEOMAGNETIC FIELD)-. ’

FAR-ZONE ~~~~ 
~~• ~~ ~~~ f_ J NEAR-ZONE

DIFFRACTION ________ DIFFRACTION
COOE /~~~~~~ T R~~~~~\ 

CODE

4 
~~~~~~~

e
v~~~~~

Y)

U) FIRST-ORDER MOMENTSL SIX SIOMAS~
0

2 02 . c . 02 ~2 
• C

A0 .  B0 ~. V1 X,V1 X~ •~ X~ø~ ~~~~~~~

~4 •

(U) SECOND-ORDER MOMENTS

• SPATIAL CORR ELATION ELLIPSE
PARAMETERS 4

~ • INTENSITY CORRELATION R R~ R~ ~$ 
• APPROXIMATE PHASE CORRELATION X 1X1 w~X 1 ‘~‘f W f

• COHERENCE BANDWIDTH

LA-4259-29

FIGURE 4 SIMPLIFIED FLOW DIAGRAM FOR THE MAIN
COMPUTER CODE. IONSCNT

24

______ -



—-- -- —
~~~ 

,—
~~ 

— -
~
- _-

~~~~ • -~~ -•.--~ - •,-.- -- 

~~~~~~~~~~~~~~~~~~~ 
-
~~
-

~~~ ~‘~n-~-’—-- z------ ~ 
-

~~~~

~*I$ ?AI~E IS ~~ST QUAZ~X1’Y ?R&C?Z(’&~I ’

~~~~ O~~X 7jL~
)
~LSkI~~ rO ~~~ -

I i ;  i t ’ ’I ,,I •~~ , r r o o o~~...J r oo~,wLI •0 0 0 4 P~ e • 0 0 0 R e,~~~~~4P 4iq f~ ~- t ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1
~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~0 1  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘~
bI I _ —;—. —. — —  .. Pd~~~~I i P d IW fta IW IW *...~~.

• 
I j i  I I

4 4 0’ I O.  — r P - d W I t , . , 0 — C . . P . 0— , 0
0 0

I 4 J~ ~ • ‘0 — 40 4 1 0
1 • oo a. OtlI .1% 4. r- ..t ~ ,P0 1 • • us ii

L ‘a.0rJ~~~.. O 0 .p ~ a .c V — . , . 0 0 0
U 4 ~~~~~~~~~~~~~~~~~0- .J ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —
4 — a eo, o o~~~ o . aa o o oe e eo o o o* e  =
0- : ‘—i . . 1 , s ,] , . , 1 . s s . , , , , . ~ i , . ,

H 
V ,J JIT 0 P . 0- .I AI .  O T O 10 0 f l 4 O s f lD• e

• 4
• .J a ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~. use o • u s a 0 J . o o — . 1 0— — . . . a , r— Aj 0-f .a ,w oI...
• 00  0

• 00 a - .  S
• . c • .. — , - ... .p-o .— p, a-. j. , ,— .~~~~o V
O —— F~ r’— —t-

-- _L I Io ~~ ! 0 4 0 0 0~~~ N
- ~ 0 e 0 0~~~~ 00 0 0 0 S. ~~~~~~,e 0 • 0 o~~~ •a • U ..I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 4 4g 0-~~ 0 0 0~~~~0 0 o Q oe e 0 0e 0 O 0 a 0 0e ~~~~~ 4 0

.1. 4 0 0 0~0O 0 0 0  0 0 0  00 0 0 0 0 0~00*0  CC. . .. b. -—1] J 1_
- ~~. 0 b~ 0- 1 N I X O  ‘~0 i~a 0 -~~I4 o  l 4 4 o o~00 - o•

a a o  o ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~ I—
• I ~~ a • •4  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘I~~j - ZI U 0 0 o 0 0 0 o~~~~0 E- 3 •iW 41 • o 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  — ~~0 • • U .  ~ .1. . & . . .  .. 4 vi —, . s , , . , , I , , I u . a . I I . I, 1 .  I~,•II~ I .J — - ~~ 2dl • £ IWI P —$ 4 ~~~~~~~ JI ~~~~~~~, a ,~o I a I  ~~~o 0

— III 01 I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~0— •. at 0i N 0 4~~~~ 0 0 0 & 0 - U 4 0 I~l 4 . 4~~1- 4 0  ~~~O 4 4  01 • 0£ .~ 4 ., LI I P~ ~~~~~~ ‘V N V ‘V V 1  •.• 4 •~• • ~~~~~~~ V IV 4 —o 4 ° ‘1 I.....
~~~
.

0- .
~j I I I IC up 

~I .4 0- D4 41 4 4 0. .04~~’ 4 4 l 0 0- 0...Op 0
0 • 1 $  A

— 0 0 4 0  4’ 0 0 - 4 0 - .4 4 4  • 0 4 I f I 4 4 — 4 e P I 4. ~l U ~ 0- -—
0- 0- dl III 0 - 0- , 4 0 0 4 S  0 D 4 4 0 .~~~~~ d l 4 V 0 4~~~ 4
a C 90 0 010 00 0 0 00
O •~~~~.. • . •.  .1 • 0.

I I ‘• —~~~~
~~ . I.

~ a 
-— J J~ ~A 0 4 & • d l 0- 4 0 0- U~~~~~~ • 4 I V  00 4 a.o 4 •II 4 4 £~~~~~~~~~J I 4 4 . I VO I V 4 I V J I . 4 O. 0 O V P l  a

4 £ 0 .. P.4 — P0..~~~ 00~~~~0I0 ,P 4 I 0 0 0 4 O 0 .  .J
— a c i  I • •.  • C

J ~ ~~~. I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ IL. ,
0 0 A 4~~~0 III W~4 4 ~~~~~ 0 0W’ W~ 0 0Il I J _j I ~0 ~~ W 4 Ci  4 A.~~~~~.V , 0 A.  P 4  0 0 0 0 0 0 0 0 0 P 0  U 0.
~ J O  0 4 *4  1 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ C —4 9 — .  I C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ S

• 4. 0 DC -  3
4 • a .i ‘ 0 0 V.4 P *14. P. I 5 ~0 P. 4.4 ‘V • 4. a j ’a, a, a.
O 4 S O C  S ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Ua, 4 P. DC S 5j.. 4.. — .4.. ... ...I -~~~ 4 ILl
o P. VI. • IO S S I I S I I S I aI1 5 1II I I

.J I I I I I I I
4 — 4 1

~~ ~~~~~~~~~~~~~~~ I J I J J I I ,
• a 0 U ... p4 P P. PO 4 IPS O Ale • P . PU P . I V 4 N 0 4 1Ø  U

4 0 u a 0.4 4 • A l 4 0 0q — 0 P . 4 I V P aL~~~— 0~~~04 0 0

1 ~~~~~~~~~~~~~~~~~~~~~~~~~ ~Ia I S 0 0  00 0 4 4  P . 4 0 0 4 4  0 0 4 4 0 04 0 — 0- l  •P PIP 0 — 0  0- P 4 0 4•  5 4
I I I • —

o a  p
~ I t

I •1. 1~~
1.’ N

25

-- -



- - •.. ~~~~~~~~~~~~~~~~~~~ 1

as the line of sight grazes the L-shell through the station, and (2) a
contribution from the auroral term in Eq. (34). Graphs of S and 04 rms
for a representative pass of the Wideband satellite observed at Poker Flat,
Alaska under the specified conditions are shown in Figure 6 for comparison.

I I l l i  h r_ k ’ I 23

I POKER FLAT
4 PASI S-14 — 2.0

I a,

— 1.5

84

2 -* — 12
1% , I

1 %  II I
i __ t I — 0.5

• ‘b_i. %a.~~~~~~~~~~~-.5S u _ 1 4

0 1 1 t 1 i I i 1 I — — 

0
1213 1215 1217 1219 1221 1223 1225 TIME . UT

- i 502

I i i  i i i  1~~~~~Ii~~~ I t I i
74.1 70.6 61.3 51.4 51.4 54.7 542 BP ANGLE

I i i  1 1 1 1 1  I i i  i i i
60.8 75.0 70.8 68.9 634 59.4 54.3 DIP LATITUDE

LA-4259-39

FIGURE 6 STANDARD SUMMARY DISPLAY OF VHF (138 MHz) INTENSITY AND PHASE
SCINTILLATION INDICES ($4 and o

~
, respectively) OBSERVED IN ALASKA ON

A PARTICULAR SATELLITE PASS UNDER CONDITIONS APPROXIMATED BY
THE INPUT CONDITIONS FOR THE CALCULATION ILLUSTRATED IN
FIGURE 6

Note that the pass illustrated was one of those used in iterative testing

of the model; it was chosen as one representative of scintillation in

Alaska under the specified conditions (including moderate magnetic activ-

ity). A range of scintillation behavior presumably would be observed for

the same set of specified state parameters , and the model does not account

for such variations.
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In addition to the scintillation indices , the output illustrated in

Figure 5 gives relatively subtle signal-statistical information, in the

form of the six stgmas (four variances and two covariances) that charac-

terize the two first-order, signal-statistical components. They appear

in the six columns following the transmitter latitude and longitude and

the angle (PSIBP) between the line of sight and the geomagnetic field.

Taking point 8 in Figure 5 as an example , we have a 0.055, 0.27 1 ,
— 0.o05P ~)(f 

— 0.000~ 0Øf 
6.839, aXføf -0.002.

By comparison, the corresponding values for a 30-s data segment

(starting at 02l7~35) recorded during a geometrically similar portion of

the satellite pass illustrated in Figure 6 are 0.06, 0.27, -0.02; 0.01,

4.40, and -0.07. Similarities between the calculated and observed values

suggest that the existing model would be useful for calculating the joint

pdf of intensity and phase , if the joint statistics should be of interest

for , say, optimal system design. Such a capability has not been incor-

porated in the present computer programs but could be added to the DIST

• code.

The DIST code now available permits calculation of distributions

for amplitude (square root of intensity) and phase , separately. Examp les

are presented in Figure 7, using the six sigmas from point 8 of Figure

5 as inputs to DIST. As is described fully in the companion volume on

the codes (Rino et al., 1977), the method of us ing DIST is to input the

results of an IONSCNT calculation.

Figure 8 illustrates second-order outputs from IONSCNT , again using

point 8 from Figure 5; the format is fully described in the companion

volume. The information provided can be used to characterize the spatial

structure of the field as well as the temporal structure of intensity

and phase.

Figures 9 through 14 are included to provide further information on

the morphological behavior (and frequency dependence) of scintillation

as characterized by IONSCNT. The reader will note that the code returns

- - values of S4 slightly larger than unity , which is the value corresponding

to Rayleigh statistics, under extreme conditions. The two-component ,
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signal-statistica l model does permit values greater than unity in the

presence of substantial focusing. The ray-optics approximation employed

- 

-

- for calcu lating propagation of the focus component is not -always fully

-
~~~ sa t i s fac to ry , and a limit on it has been incorporated in the code for

1 
conditions of strong scatter . it is to be noted that S

4 
values up to

1.2 are observed occasionally , at least at VHF near the geomagnetic equa-

tor .
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V CONCLUSION

This report and its companion volume (Rino et al., 1977) describing

computer codes IONSC1’IT and DIST constitute the final reports on this

contract to develop a transionoapheric channel model. The work began as

an attempt to collate previously existing and highly fragmented scintil-

lation data into a form useful for system application. During the course

of the work , however , both experimental and theoretical work on trans-

ionospheric radio propagation progressed considerably. The major experi-

mental development was the advent of complex-signal data from coherent

radio beacons on the Navy navigation (Transit) satellites ATS-6 and P76-5

- 
I (the DNA-002 wideband beacon). The theory of propagation in a random

medium advanced both analytically and by application of numerical calcu-

lation to strong-scatter problems.

Availability of the coherent-beacon data has yielded much insight

into the complex-signal statistics of scintillation , and this insight

has been incorporated in our work to provide a signal-statistical model

that 4~~ complementary to deterministic models of TEC effects. Our

ability to incorporate the new experimental findings has been limited ,

however, by the theoretical framework we have employed . Signal-

statistically , the most fundamental limitation of the prt.Jent model is

its heavy reliance on choice of an outer scale to describe scintillation-

producing ionospheric structure. It is very likely that the outer scales

invoked in the model (900 m in the equatorial region and 2 6  km elsewhere)

have no geophysical significance; rather they represent the largest scales

-~ ,~ that contribute to intensity scintillation on the paths employed in col-

lection of the data we used for quantitative calibration and iterative

testing of the model. The paths employed were mainly between satellites

in high-inclination , moderate-altitude (1000-kni) orbits and the ground .

The main caution to be employed as d result of the outer-scale di—

lenuna arises in application of the model to phase-sensitive systems where

39
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long-term stability is important , especially in the equatorial region.

The user must always keep in mind that the rms phase fluctuations de-

scribed by the code are those produced by ionospheric structures on the

order of a kilometer and smaller in east-west extent near the equator

(30 km and smaller in north-south extent). Phase trends due to larger-

scale structure must be accounted for separately. For geostat ionary
systems, this translates into time scales substantially longer than 20 s.

Morphologically , the most important limitation of the model is that
it does not account for night-to-night departures of scintillation con-

ditions on a given communication link during the same season , at the same

local time, and under the same solar and geomagnetic conditions, which
can be substantial. The model descr ibes only the “expectation level” of
scintillation for a specified set of observing conditions. Data now

being accumulated could be employed to include a description of departures

from mean scintillation conditions, but the present model stops short of

doing so. Mean morphological limitations of the model include some uncer-

tainty over long-term trends in activity during a solar cycle and virtual

-

_ 

- absence of any data from the polar caps for use in establishing the model.

Despite the foregoing limitations, the model described in this re-

port is the most extensive computer-coded assimilation of scintillation

information presently available for systems planning. It will provide

systems-relevant characterization of scintillation for a wide range of

operating circumstances. Hopeful ly  it also can serve as a baseline f or

analysis of existing and forthcoming scintillation data, in attempts to
understand the nature and dynamics of ionospheric structure.
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