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FOREWOL - (U)

(S)  This document contains the written contributions Raytheon has made
during 1972 to the development of an RF Scattering Model for the Ivery Coral
phenomena. This information is presented in the form of five independent re-
search papers addressing different aspects of the problem. The first three of
these papers can aisc be found in the proceedings of the Prairie Smoke RF-
Scattering-Model WOrkshop] and the remaining two will be published in the pro-
ceedings of the Prairie Smoke III Data Review Meetingz. Such proceedings serve
as effective vehicles for getting research results to the modeling segment of
the community as socn as possible. However, now that the year's work has been
completed, these closely related papers can best te read together and for this

reason are being published here as a set.

G. D. Thome

1 Proceedings of the Prairie Smoke RF-Scattering-Model Workshop, held
at Stanford Research Institute, 18, 19 July 1972.

2 Proceedings of the Prairie Smoke III Data Review Meeting, held at
Stanford Research Institute, 31 Novemnber - 1 December 1972.
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ASPECT SENSITIVITY: SOME CALCULATIONS AND OBSERVATIONS (U)

by

G. D. Thome

Raytheon Company
Sudbury, Massachusetts

ABSTRACT (U)

(S)  In this paper a refined model of the earth's magnetic field is used
to compute where in space the RAM radar would see returns from the heated
volume over Platteville if the scatterers were strictly field aligned and highly
aspect sensitive. These calculations are then compared to the on-frequency
target locations measured by RAM on three days and close agreement is found.
Backscatter at the transmitted frequency was observed only from those positions
in space where the radar 1ooked strictly normal to the magnetic field and this
was so even though the true reflection height for the heater frequency on these
days was well below (10-30 kilometers) the height where the orthogonality con-
ditions were met. It is concluded that the scatterers responsible for on-
frequency RAM backscatter are highiy aspect sensitive and are not confined to
a small height interval about the heater reflection level. This contrasts with
Arecibo results at essentially the same radar frequency in which on-frequency
backscatter is observed well off of perpendicularity to the magnetic field (52°)
and is observed over only a narrow height interval (less than a kilometer) about
the heater reflection level. It appears thet RAM and Arecibo are not seeing the

same scatterers and this should be borne in mind when the absolute scattering

cross-sections from the two sites are compared.,
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I INTRODUCTION (U)

{S) It has been established that electron density irregularities can be
generated by illuminating the ionosphere with intense HF radio waves and that
these irregularities are strong enough to support detectable backscatter at HF,

1,2,3 This paper is concerned with the aspect sensi-

VHF and UHF frequencies.
tivity of these scatterers at UHF. 1In particular, attention will be confined
to the aspect sensitivity of the on-frequency backscatter observed by the RAM
radar at 435 MHz. The intent is to show that on-frequency backscatter is
observed at RAM only from those positions within the neated volume where the
radar looks strictlv perpendicular to the earth's magnetic field. To show this
the beam width of the radar must be small compared to the dimensions of the
heated volume and this is true only for the UHF frequency at RAM. As of this

writing only on-frequency UHF data is available from RAM and consequently no

analysis of the off-frequency ("enhanced plasma Tine") returns is given.

IT MAGNETIC FIELD MODEL (U)

(S)  The principal components of this analysis are a magnetic field model,
a geometrical calculation showing where in spacr the RAM radar looks normai to
the model field, and experimental data showing where in space on-frequency back-
scatter at 435 MHz has been observed. The model is that of Hendricks and Cain4
in which the earth's field is represented by a 99-term spherical harmonic fit
to surface magnetometer measurements. Since the number of terms in the expan-
sion and the number of magnetometer sites are finite and since the most recent

measurements used were taken in 1965, the model is not perfect. A comparison
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between the predicted and the observed field has been made for the Boulder
Magnetic Observatory (about 40 km from Platteville). The results are shown

below in Table I:

TABLE I. COMPARISON OF PREDICTED AND OBSERVED MAGNETIC
FIELD AT THE BOULDER MAGNETIC OBSERVATORY, BOULDER, COLORADO

PREDICTED OBSERVED
Typical Variations
(by Hendricks 1971 Average
and Cain) Average Quiet Day | Storm Error
Inclination (Dip) 68° 04' 67° 33! 3-6' 10-20' +31"
Declination 13° 34 13° 17! 5-10' 20-40' +17!

Although the average error in inclination and declination is less than a degree,
these errors are significantly greater than the irregular variations typical of
quiet days. During magnetic storms the field may fluctuate by as much or more
than the average model error, but such storms are infrequent (of order once a
month). The accuracy of the RAM measurements is such that a half-degree error
in the magnetic field model would produce a significant discrepancy between pre-
diction and observation. Consequently a first-order correction has been made

to the Hendricks and Cain model by subtracting 31' in inclination angle and 17'
in declination angle everywhere in space. This forces the model to correctly
predict the average 1971 magnetic field at Poulder. The model is then used to

predict the field in the ionosphere above Platteville.
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ITT ASPECT ANGLE CALCULATIONS (U)

(S)  The second step in the analysis is to use the corrected magnetic
f{eld model and the location of the RAM radar to compute the magnetic aspect
angle for points in the vicinity of the heated volume. The radar frequency
and the elevation angles of interest are high enough so that refraction can
be neglected. Under these conditions the calculation of magnetic aspect
angle for a spherical earth can be conveniently dene using a geometrical pro-
cedure developed by Mi]]man5 and his approach has been used here. A fixed
altitude is chosen, defining a spherical shell around the earth. The magnetic
aspect angle from RAM is then computed at closely spaced increments of latitude
and longitude and the results plotted on a geographical map of the Platteville
area. Contours are drawn showing where the magnetic aspect angle is within
0.1° of 90°. The procedure is repeated for a series of heights and in this
way a three-dimensional picture of the 90° magnetic aspect surface in space
can be developed. The results are shown in Figure 1. This figure shows that
the surface of orthogonality in space for the RAM radar is a dome centered at
roughly 43° north latitude, 104° west longitude. The top of the dome is at
about 310 km altitude. Over Platteville the surface of the dome is at about
295 km altitude and the surface slopes to the south. A 100 km diameter circle
is drawn around Platteville to show about how big the heated volume is in
horizontal dimension. The point of this figure is that if the scatterers were
highly aspect sensitive, RAM could only detect that fraction of the scatterers
lying on the domed surface of orthogonality, no matter how large the disturbed
voiume actually was. If, for example, scatterers were generated at all alti-
tudes along a 100 km diameter beam above Platteville, RAM would only see those
that lay in a thin disk, 100 km in diameter and tilted slightly to the south,
with the northernmost edge at about 300 km and the southernmost edge at about

290 km.
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IV COMPARISONS WITH EXPERIMENTAL DATA (U)

(S)  The RAM turget location data presented by Minkoff has been plotted
in the plane containing RAM, Platteville, and the center of the earth.2 Figure
2 shows where the domed surface of orthogonality (labeled, “30° magnetic aspect
contour") cuts through this plane. If the scatterers were highly aspect sen-
sitive and if the magnetic field model were perfect, RAM targets would appear
only along this contour. This figure has been drawn to scale so that RAM data
points (given as range, elevation angle pairs) can be plotted directly. Figure
3 is a blow-up of the region above Platteville with several additional pieces
of information added. First of all, a stippled band has been added to the Y0°
magnetic aspect contour showing how far this contour would move due to the 0.1°
variation in dip angle typical of magnetically quiet days. This shows that
there is about a 5 km uncertainty in the computed position of the 90° contour
because of background fluctuations in the magnetic field. RAM target locations
for three days have been provided by the Riverside Research Institute2’6 and
are plotted on this figure as circles joined by straight 1ine segments. Data
for October 12th, 13th and 14th, 1971 is labeled 12, 13 and 14 respectively.
The circles for each day show the southern-most, center and northern-most por-
tions of the target. The acturacy of the target position measurement is set
primarily by the accuracy with which the elevation angle of the return car be
read from range-time-intensity displays. I estimate that this can be done to
an accuracy of about a tenth of the radar beam width and I have made the radius
of the circles this size. The third type of data shown on this figure is the
true height of the F-region peak at the time the RAM observations were made.7
These heights are shown as horizontal lines labeled 12, 13 and 14 for October

12, 13 and 14, 1971,

SECRET



(M) SNOILVAHISIO WVH 341 30 AHLIWN0ID 3IHL ONIMOHS MIIA 34IS ¢ 34N9I4 (S)

WHOOOI 4
—— 008 O WhO0B wwOmL WN0O0S WNGOS wNOOb AWDOL WNOOZ WHOO! ¥
HiG MWYIE
02
GHOO0I
o
LAl
ac —WnooZ
-+
| oy HNOLNDD 103dS¥
(Y JLINGYW 06 Wn 0oL

J9KNTH INT IS
wHooBe

O
A9NYH LNTIS
W 008

S3INIT 4314
JSILINOVW

SECRET



e

SECRET

1000 km

\qLANT RANGE

800 km
SLANT RANGE

90" MAGNETIC
ASPECT CONTOUR

‘ —y
700 km
800 k
m P 900 km

{000 km

(S) FIGURE 3. EXPANDED DRAWING OF THE EXPERIMENTAL GEOMETRY
OVER PLATTEVILLE (U)
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(S) The first point to be made from Figure 3 is that the observed returns
1ie on or very near the 90° contour of orthogonality for RAM suggesting that
the scatterers are in fact highly aspect sensitive. By "highly aspect sensi-
tive", I mean that the aspect sensitivity is so great that no echoes can be
detected at all unless the radar looks strictly normal to the field. The second
point to be made is that the layer peak was well below the altitude where the
RAM targets were observed. The reflection height for the heater was presumably
at or below the layer peak and consequently it appears that the scatterers re-
sponsible for the RAM echoes are well above (by as much as 30 km) the reflec-
tion level of the heater. It is suggested that irregularities generated at
the heater reflection height are "mapped" up {and presumably down) the field

for at least a few tens of kilometers where they can be observed by RAM.

V. CONCLUSIONS (U)

(S) Two principal conclusions have been reached:

(S) 1. The scatterers responsible for the RAM on-frequency returns at
435 MHz are highly aspect sensitive, that is, the scatterers
must be viewed at 90° to the earth's magnetic field to be

detected.

(S) 2. Tre scatterers are not restricted to a thin disk at the heater
reflection height. The RAM echoes usually come from the top-
side ionosphere whereas the heater reflection level is on the
bottomside. It appears that field-aligned irregularities are
mapped along the earth's field for at least a few tens of kilo-

meters to a position in space where RAM can view them at normal

incidence.
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SECR.

REFERENCES (U)

Thome, G.D., and Blood, D.W., "HF Backscatter From White Sands Spread-F
Experiment (U)", Raytheon Company, RADC-TR-71-15, 1970, SECRCT.

Minkoff, J., ani Kugelman, P., "Preliminary Summary of Results of Ivory
Coral Experiments (U)", Riverside Research Institute, Technical Memorandum
TM-38/174-4-5G, 1971, SECRET.

Fialer, P.A., and Lomasney, J.M., "Prairie Smoke I Sweep-Frequency Back-
scatter Observations (U)", Stanford Research Institute, in, Proceedings
of Prairie Smoke I (U), RF Measurements Data Workshop, 25, 26, 27 January
1972, issued 1972, SECRET.

Hendricks, S.J., and Cain, J.C., "Magnetic Field Data for Trapped Particle
Evaluations", J. Geophy. Res., Vol. 71, p. 346, 1966, UNCLASSIFIED.

Millman, G.H., "Field-Aligned Ionization Scatter Geometry", J. Geophys.
Res., Vol. 74, p. 900, 1966, UNCLASSIFIED.

Minkoff, J., data exchanged at the Prairie Smoke I Data Workshop, held at
Stanford Research Institute, 25-27 January 1972.

Utlaut, W., data exchanged at the Prairie Smoke IB Data Workshop, held at
Riverside Research Institute, 28-29 March 1972.

SECRET

11



UNCLASSIFIED

AN RF SCATTERING MODEL FOR A RANDOM
DISTRIBUTION OF IRREGULARITIES (U)

B. R. Pendyala and G. D. Thome

UNCLASSIFIED 12



SECREY

AN RF SCATTERING MODEL FOR A RANDOM DISTRIBUTICN
OF IRREGULARITIES (U)

by

B. Rao rendyala and G. D. Thome

Raytheor Company
Sudbury, Massachusetts

I INTRODUCTION (U)

(U) In 1956 a theury of RF scattering from field aligned irregularities
was published by H. G. Booker and applied to the problem of modeling the radar

scattering from ionospheric irregularities in the aurora.]

The starting point
for this theory was an ad hoc assumption that electron density irregularities
exist in tne auroral ionosphere, that these irregularities are randomly di:-
tributed in space, and that they exhibit an anisotropic Gaussian autocorrela-
tion function having a greater scale length along the earth's magnetic field
than across it. No attempt was made to explain why these irregularities exist
or why they are Gaussianly distributed. What wa; accomplished was to work out

the relationship between the physical properties (size, density, anisotropy)

of such irregularities and the radar properties. This made it possible to

use radar measurements to infer the physical properties of auroral irregularities,

it being Teft to the plasma physicist to explain why irregularities with those

properties do in fact exist.

(S)  Similarly in this paper, we will use the Booker theory to produce a

scattering model for heater generated irregularities. We shall find that
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satisfactury it to the exrcimental data can be had assumirg that tne irre-
gularities are highly aspe:t sensitive, that their RMS intensity is of the order
of 1%, and that their autocorrelation function transverse to the field exhibits
two dominant scale sizes, 0.1 meter and 0.5 meter. No att:mpt is made to
reconcile these properties with the plasma physics of the heater-ionosphere
interaction because a theory for the generation of such irregularities is not
yet available. Until it is, we offer the scattering model described below as

a basis for evaluating the usefulness of potential applications, as a guide

to the properties the plasma physicists must explain, and as a guide Yor

planning future experiments.

IT SCOPE OF THE MODEL (V)

(S) We seek a scattering model which can be used to predict the radar
cross-section over bistatic as well as monostatic (backscatter) paths. However,
1lmost all of the quantitative data available for testing the model has been
collected over backscatter paths and consequently we shall begin (in Section 3)
by deriving a relatively simple model valid for backscatter only. We shall
also assume in this initial model that the autocorrelation function of the
irreqularities, transverse to the magnetic tield, is a simple Gaussian. When
the predictions of this model are compared (in Sectiun 4) with the experimental
data we will find that a significantly better fit to the data can be had by
adopting an autocorrelation function which is the sum of two Gaussians of
different scale. The scattering model i. then rederived for the double Gaussian

autocorrelation function and generalized to include the bistatic situation. The

SECRET h
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result, then, is a scattering model which is believed applicable for bistatic
as well as for monostatic geometrius, which has been validated by comparison
with experimental monostatic data, but which has yet to be validated over

bistatic paths.

(S)  Our model deals only with the on-frequency scatter whan the heater
is operating at or below fof2 in the ordinary mode with a vertically d-rected
beam. CW heating is assumed with a heater/antenna combination producing the
same on-axis density in the ionosphere as does the Platteville heater at full

power,

IIT SCATTERING MODEL (U)

(U)  The scattering model presented here is based on the theory of weak
scattering (Born approximation) developed by Booker] for the case of noniso-
tropic Gaussian irregularities. The volum2 backscattering coefficient derived

from the theory is given by Booker as:

3/2 1r2 AN‘2 2 -81r2T2 -81r2 2 2 2
o, = (2n) 11 T°Lexp exp (L-T%)sin“y (1)
B AN G G

N

The symbols in equation (1) are the same as used by Booker. It is necessary to
convert the volume scattering coefficient 9 to a radar cross-section op as
measured by a backscatter system in order to compare the model and the observa-

tions.
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(U) Let 9p be the cross section of an equivalent conducting sphere, then
the peak backscattered signal power is
2.2
I (Y )
R 5 7T 37 (2)
(47)° R
where Go is the effective on-axis gain (assumed to be the same for transmitting
and rereiving antennas), PTo is the peak power of the transmitted pulse and R
is the range to the scattering target. Now consider an elemental volume dv of
the scattering target with a scattering coefficient Oge Since the isotropic
volume scattering coefficient is 4ﬂ08, the received power from the incremental
volume will be
PTGZA24noBdV

dp, = 3
R PR (3)

Integrating equation (3) over the scattering volume one gets for the total re-

ceived power

Z

: 2 (4)
P, = —— P+G"0 dv 4

v

Equating (2) and (4) leuds to
PTGZ .

OR = 4'" 2 OBdV (5)

PToGo

v

(U)  The following assumptions have been made of the scattering volume in order

to evaluate the integral in equation (5).

(U) 1. The scattering volume containing field aligned irreqularities

is cylindrically symmetric about the magnetic field, and is

16
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centered at a distance D below the point on the field where

the radar achieves perpendicularity to the field (Figure 1).

The plasma wavelength, AN’ is taken as constant with a value
corresponding to the specular point. This seems valid since
the height interval over which significant scatter comes from

is small compared to the scale height of the electron density

2 2 ()2
'l'_2'+_2+ '2—}

in the F-reaion.

(an/M)2 = (8 N/N)Z exp

w W H

(AN/N)2 varie. with x and y because the heater beam is of finite
width and varies with z since the irregularities weaken as one
moves above or below the heater reflection level. Since the

interval in z over which significan! scatter comes is small com-

pared to H, it is only the value of (AN/N)2 at z=0 which counts,

SO we ¢an write

, 2,2
(aN/N)2 = (an/N)2 exp ;-Dz/Hzf exp 5- [ e ] f
0 L wL.

————

where (AN/N)g is the peak value ¢* (AN/N)2 which accurs at the

heater reflection level.

sin%: = zz/R2 since significant scatter obtains only for small

values of z/R, i.e., near specularity.

The antenna has a Aaussian beam of half-width B radians so that

y2+22
G = Goexp ol

(BR)

17
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(S) FIGURE 1. BACKSCATTER GEOMETRY FOR THE HEATER
DIAGNOSTIC RADAR (S)
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The transmitted pulse has a Gaussian half-width P so that
Pr = Pro €XP { -(x2/P2)}

(U)  On incorporating the above assumptions, the volume integral in equation

(5) becomes:

2 2 2
X 2y 2z 32 T

=4 exp { - + + (2x) =5 °
L [ { [PZ (8R)? (BR)Z]} <

2 2, 2 2.2
A (x“+y°) 8771
[—N] exp {-DZ/HZ} exp {- > } T2L exp{ > } .
N

w

j 8?1 22}
dv

U A2R2

Let dv = dx dy dz and integrate over all space:

8:*/27 [aNP ) - 8r2T2
op = “‘7;"‘ | TL exp (-D°/H) exp{- .

2
AN N dg A

UNCLASSIFIED
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°.-azxz
The integrals are all of the form fe dx so that
- Q0
81r4 5 o 2 2 -81r2T2)
op = 'Tva (AN/N)0 TL exp{-—D /H } expg > (
}\N A
ﬁ \ﬁr' \/.T—T
/2 1/2 1/2
R 2 1 2 arl(L2-12)
— 4+ .+ “m #
[pz wol |(BR)Z W (BR)Z \2R2

Since L>>T for high aspect sensitivity, the last square rcot term may be sim-

plified to 1/2 1/2
2 8212 227l \2

1 +
)2 A 22 AR 4222

—_ +
(BR
The second term in the root is much less than 1 which means that it is the as-
pect sensitivity which sets the vertical thickness of the effective scattering

volume rather than the vertical beam width of the antenna. Hence,

47"W2RT) (e N/M)2 o o) [8rfT?
= exp)-P /H gexp (6)

ag 2
R 1/2 1/2
[]+(N/P)2] [1+2(w/BR)2 ] N 22
(S) Equation (6) can be used to predict the backscatter cross section in terms
of
P, the Gaussian radius of the pulse
B, the Gaussian radius of the antenna beam

R, the range from radar to the specular point in the scattering
volume

T, the Gaussian autocorrelation distance for density fluctuations
transverse to the magnetic field

SECRET @
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A,  the operating wavelength

D, the separation along the field between the specular point and
the heater reflection level

—_—

H, the e-folding distance for the variation of (AN/N)2 along z

(AN/N)Z, the mean square electron density fluctuations of the irre-
gularities

the plasma wavelength corresponding to the ambient plasma fre-
quency at the specular point

W, the Gaussian radius of the heated volume in a horizontal plane
at the reflection level

The parameters P and B are related to the commonly expressed half-

power beam width and rilse length as
B = 0.60 (HPBW) and P = 0.564 (ct/2)

(S)  The measured radar cross section op corresponds to a scattering volume
which in general represents cnly a fraction of the total volume of the heater
generated irregularities. 1In a situation where (W/P) and (W/BR) are much less
than unity which means that the radar pulse encompasses the entire volume of
the irregularities, the measured cross section stands for the total cross

section of the disturbance and it is given as:

————

2 2+2
(AN/N) -81°T
o = lln‘r’szsz—4—Q exp }-Dz/Hzf exp ; —2— ;
A A
N

The radar cross section measurements reported by Fialer, Evans and Lomasney2

using SRI SFCW sounder observations are in the form of or. The VHF and UHF
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cross sections obtained from RAM radar observations reported by Minkoff3’4’5
which represent %R have been converted to or to standardize with the SRI mea-

surements, facilitating an easy comparison with the scattering model.

IV COMPARISON BETWEEN MODEL AND OBSERVATIONS (U)

IV.A Single Gaussian Scale Size (U):

(S)  Using the equation (7) which is appropriate to a single Gaussian
scale size, the total scattering cross section is computed as function of
frequency in the range 10-435 MHz for different values of T. The values

adopted for the various parameters are as follows:

W = 90 km
R = 900 km
AN = 54
= 0

The value of (AN/N)2 is adjusted in each case so that the computed cross sec-
tion matches the observed at the Tow frequency end. Figure 2 presents a
comparisca between the observations and the curves based on the scattering
model. The curves shown are parametric in T in the range 0.1 to 1.0 m. The
required values for (AN/N)RMS fall in the range 0.3 to 7% with higher values
going with lower T. The curve for T = 0.1 m estimates c.0ss sections well
above the observed for VHF and UHF whereas T = 1.0 m provide at the other

extreme cross sections far below the observed values. The curve for T =0.3m

seems to be the closest fit to the observations of all the four curves presented.
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It should, however, be clear from the comparison that the shape of the computed
curve is such that no single scale size can satisfactorily reproduce the

observed frequency dependence of the cross section. It is, therefore, attempted,
in the section to follow, to explain the observations on the basis of a two

scale size model.

\

IV.B Sum of Two Gaussian Scale Sizes (U):

(U)  We shall treat in this section the presence of two Gaussian scale
sizes, first for the neneral case of bistatic configuration and then reduce
the equations to the backscatter case of present interest. The volume

scatterirg coefficient for a bistatic case is expressed as:

2 nzsinzx
o, = lAe/el —TP {K([z-ﬁ]), K(mz-m]), K(nz-r.]) (8)

where P is the power spectrum of (ae/c)

Let us assume that the autocorrelation function of te/c is a sum of two Gaussian

functions with different scale sizes, i.e.,

r (X2+y2) 22 (X2+y2) 22
P(x,y,z2) = a exn{-1/2 [ 5 t=s +(1-a) exp{-1/2 7t } (9)
N L L
Fourier transform of the above equation gives
P(E,n,g) = (2n)3/2{anL1 EXp[-l/Z{Tf(zzmz)ﬂfcz}]
+ (1-a) T2L, exp[—]/Z {Tg(52+n2)+L§§-2 }:l} (10)
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Set & = K([é-[ﬁ), n= K(mz-m]) and (= K(nz- n])

and substitute | Ae/e|2 = (A/AN)4 (AN/N)2 to obtain
y2 2 o BWNZ( 2.2 2
v B (2n) «" sin XT{QT]L] exp[-]/z '{K T](Lz-g])
N
+ KZT]2 (mz-m.l)‘2 + Kf-l_]2 (nz-n] )2}] + (1-a) Tng

exp[-]/Z {KzTg(ﬁz-[])z + K22 (my-my)? + KALZ (n2-n])2}J$ (1)

Let us define a coordinate system centered at the scattering volume with z axis
along the magnetic field and y axis along the magnetic east -as shown in Figure

3. The Tocations of the transmitter and receiver be (x], ¥y z]) and (xz, Yo 22)
respectively. Now consider a unit scattering volume in the disturbance whose

coordirites are (x, y, z). Then we have for the direction cosines

(x = x;) (y - ¥) (z - z;)
l-l = — m_l = —_— n] -
R, Ry R,
and
(x5 = x) (v, - ¥) (z, - 2)
12 = -, m2 = -_— n2 = —
Rz R2 R2

where R] and R2 are the ranges from the transmitter and the receiver to the

scattering volume.
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Let us denote

X X 1 1 2
(£y-£ )2 = —-l+—2-x(— =)= 1A +Bx]
] H B B R [
2 , 2
(mz-ml) = LAZ + By] (12)

(n2-n1)2 = [ Ay + Bz] i

where A], A2, A3 ."d B are all constants.

Substitute (12) in equation (11) and integrate over all space to get

C ( ) 6
TP G(£,.m,n) G(-f,,-m,,-n,)
o = 4y T L | 2’ 2 2 o,dx dy dz (13)
RB P GZ v
. To 0

~00 -CC < &
In the above equation the transmitting and receiving antennas are assumed to
have identical gain patterns. The magnetic aspect in a bistatic configuration
is given from the direction of the bisector of the incident and scatter direc-
tions. The angley which is the complement of the angle between the bisector
and the magnetic field is given by the relation
1/2
siny = g/ (G-)? + (myem)? 4 (nyemp)? ] (14)

For the backscatter case of present interest, we substitute

(l] sm'l sn'l) = "([72 smz snz) = (,Q,m,n)

n? = sinzw and ([2+m2) E coszw to get
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2.2 2

—_— -87°T -8n
o, = (2n)3/2n2(A N/N)2 C’thL exp —1 exp (LZ-T?)sinZw
B 151 e 2 1

-8n°T -8n
+ (1-q) T%L2 exp[-—-?—-z—]exp [—'Z"(Lg-Tg) sin‘w] $ (15)
A A

(S) Following the steps described in Section 3, the total cross section is given

as:

42wlR) (AN/N)g 20, Z_ 3 -3,,2T12 3 -8n2T§ -
o = A4 exP{ -D°/H }3aT1 er[ = ]+ (1-a)T2 exp[ 7 ]5(16)
N

From equation (16) it should be obvious that any number of scale sizes can be
added without altering the form of the equation. Judging from the results pre-
sented in Figure 2, it seems that a combination of the scale sizes with T=0.1
and 0.5 m is best suited to obtain a reasonable tit to the experimental measure-
ments. Figure 4 shows a fit of the two scale size model with the measurements,
and in addition curves are presented there also for individual scaje sizes

for comparison. A value of about 0.8% for (AN/N)RMS with the larger irregulari-
ties nearly twice as strong as the smaller was found necessary to obtain a

match between the model and the observations. The comparison shown here makes
it clear that it is essential to alloQ more than single scale size to exist in
the scattering volume in order that the model predicts the same shape as the
observations seem to indicate for the frequency dependence of the scattering

cross section.
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RF SCATTERING MODEL SUMMARY: JULY 1972 (U)

by

G. D. Thome

Raytheon Company
Sudbury, Massachusetts

ABSTRACT

(S)  On July 18-19, 1972 an RF Scattering Model Workshop was held at the
Stanford Research Institute in California. The purpose of this workshop was
to arrive at a model of the scattering phenomenon which is concistent with
existing experimental data, which can be used to predict the performance of
hypothetical scatter communication systems, and which will serve as a foral
point for planning future theoretical and experimental efforts in this area.
We have produced such a model and we present it here for use by the community.

This model should be viewed as a statement of the present state-of-the-art

rather than a finished product.
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[ INTRODUCTION (U)

(S)  The model is intended primarily for use in predicting the performance
of communication systems using the Ivory Coral scattering phenomenon., Ideally
the model would be derived directly from a plasma physics theory of the heater-
ionosphere interaction and would be generally applicable to all scattering
situations of practical interest. It will probably be at leas* a year before
the relevant theory is developed to the point where this can be done. At the
ot' - extreme, the model could be given simply as a tabulation of experimental
results. The problem with tiis approach is that data is available over only a
Timited number of paths and with only a few types of equipment. A tabulation
of experimental results provides no information about how to extrapolate these
results to other situations. As an interim solution we have divided the
modeling task into three parts,

1. on-frequency scattering

2. plasma Tine scattering

3. scintillation
The on-frequency scattering and scintillation will be handied by asking what
size, shape and distribution of heater-produced ionospheric irreqularities will
scatter in the observed way. Given these irregularities, the on-frequency
scatter and the scintillation under other experimental conditions can be pre-
dicted. The theory for plasma line scattering is far enough along so that in
this case a satisfactory scattering model can be derived directly from the
theory. This paper is devoted essentially to the on-frequency scattering mondel
while the models for the latter two were presented by Perkins1 and Bowhi]]z,

raspectively.
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IT PHYSICAL DESCRIPTION (U)

(S)  The model has been developed for the Platteville transmitter heating
at full power with ordinary ray polarization and with a vertically directed
beam. The heater frequency is assumed to be at or below the critical frequency
of the ionosphere. A sketch of the disturbed volume which develops under these
situations is shown in Figure 1. For the sake of clarity, the heater beam has
been idealized as having sharp edges, that is, the gain is constant within the
beam but drops abruptly to zero outside of the beam. The heating wave re-
flects at the altitude where the heater frequency equals the local plasma fre-
quency. The irregularities responsible for plasma line scatter are
generated at essentially this same altitude and are confined there. These
irregularities are not extremely aspect sensitive and consequently to a radar
the plasma line scatter appears to come from a thin disk which can be moved up
or down in altitude by changing the heater frequency. A second group of irre-
gularities are also generated at the heater reflection height and these are
responsible for cn-*requency scattering. In contrast to the plasma-line irre-
gularities (which are probably caused by propagating waves) the on-frequency
irregularities are essentially stationary in space and extend along the earth's
magnetic field for several tens of kilometers. The on-frequency irregularities
are highly aspect sensitive and consequently scatter significantly only when
specuiarity is achieved. For the backscatter case shown in Figure 1, this
means that the radar must look perpendicular to the magnetic field in order to
detect a signal. The Tocus of points for which the radar can look perpendi-
cular to the field is called the orthogonality contour and this is fixed in

space by geography alone, having nothing to do with the heater parameters. The
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on-frequency irregularities are most intense at the heater reflection height
and consequently the strongest on-frequency scatter will be observed when the

heater reflection level is adjusted to coincide with the orthogonality contour.

ITT  ON-FREQUENCY SCATTERING MODEL (U)

(S)  The on-frequency scatiering model has been arrived at by applying

3 for scattering from anisotropic irregularities to the Ivory

the Booker theory
Coral problem. Booker applied his theory to the problem of radio wave scat-
tering from the aurora and found that the experimental data could be under-
stood if there were weak irregularities of electron density present that were
aligned with the earth's magnetic field. We find the same to be true for the
iieated volume over Platteville. As with the auroral case, there is no attempt
made to explain how these irregularities are produred or maintained. This is

a plasma physics question and is being addressed by the Ivory Coral theorists

at the present time.

(S)  The scattering model we present is a volume scattering coefficient
which must be integrated over the heated volume to give the total power re-
ceived over a given path. Several alternatives exist for doing the required
integration in practice. For special cases the integration can be done
analytically leading to simple formulas which can be evaluated on a slide rule.
For example, this has been done for the case of backscatter measurements made
magnetically south of the heated volume (the situation under which most of our
experimental data was taken) and this has simplified the task of varying the

parameters of the model to fit the backscatter (or near backscatter) observations.

36
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It is likely that satisfactory analytic integrations can be done for most
specific cases of interest but these must be looked at one at a time to decide
what idealizations are appropriate. The more general approach is to ute a
computer to numerically integrate the volume scattering coefficient over the
heated volume. In this way realistic antenna patterns, magnetic field models,
and ambient electron density profiles can be used. If this approach is
followed it will probably be important to minimize the computer time required.
One promising way of doing this is %o recognize that the high aspect sensi-
tivity of the scatterers means that only that fraction of the heated volume
that lies near the sbecu]arity surface for the communications 1ink being studied
need be considered in the integral. In other words, the volume integral can be

reduced to a surface integra]4 with an appreciable saving in computer time.

(U)  The volume scattering coefficient (power scattered in the direction

of the receiver, per unit solid angle, per unit incident power density, per

unit volume) is®
. 2 2.2
ol N/N) 8r%sin %
g = (2n)3/2 2 sin“y QTZL exp~- (T2cos%;+L251n2w)
v A4 11 2 1 1
A
N
2 .2
8ncsin f?
2 2 2 2 .2
+ (1-a)T2L2[:exp -‘-;E-' (T2cos b + Losin w)] ‘ (1)
where
X = angle between the direction of scattering and the electric
fieid of the incident wave
6 = angle between the incident and scattered wave directions
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y = complement of the angle between the external bisector to
incident and scattered directions and the magnetic field
A = operating wavelength
A S the plasma wavelength correspoading to the ambient electron
density
(AN/N)2 = the mean square electron density fluctuations of the irre-
gularities
T], T2 = Gaussian autocorrelation scale sizes for density fluctuations
transverse to the magnetic field
Ly L2 = Gaussian autocorrelation scale sizes for densitv fluctuations
parallel to the magnetic field
® = aconstant determining the relative strength of the two

Gaussian irregularity distributions used in this model

(U)  There are three angles involved in the model; x, 6, and y. The angle
X accounts for the fact that the irregularities scatter much 1ike small dipoles
with the null direction along the E field of the incident wave. The term sinzx
can be made unity by suitable choice of transmitter and receiver polarizations.
The angles 6 and ;) are illustrated in Figure 2. Let the scattering plane be
defined by the transmitter, the scattering volume element, and the recejver.
Since this is weak scattering, most of the incident signal continues on through
the scattering volume without deviation and this is called the transmitted
signal. The angle between the transmitted and the scattered signal is defined
as 6. The bisector of the path from transmitter to scattering volume to re-

ceiver also 1ies in the scattering plane. The angle between this bisector and

the magnetic field is defined as (90 -y )°.
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(S)  The operating wavelength of the communication system is A». The
Tocal electron density is given in terms of the wavelength, Ao corresponding
to the Tocal plasma frequency. Ay Will vary through the heated volume and

should be included in the volume integration.

(S) The intensity of the electron density fluctuations is given by

( N/N)2

A and this varies throughout the heated volume. The maximum value,

(AN/N)gs occurs at the heater reflection level on the axis of the heater beam.

At points off the axis of the heater beam but still at the heater refiection

level, (AN/N)2 is proportional to the heater power density. Thus for a Gaussian
)2

heater beam, (AN/N)“ varies in a Gaussia:l manner across thc heater reflection
plane. The strength of tiie irregularities drops off above and below the heater
reflection level with a Gaussian scale height A. This aspect of the model is

illustrated in Figure 3.

(S)  In the Booker auroral scattering model the characteristics of the
irreqularities are specified by a two-dimensional autocorrelation function
having a correlation length T transverse to the earth's magnetic field and a
cori2lation length L alorg the field. Essentially, T controls the frequency
dependence and L/T controls the aspect sensitivity of the scatterers. In order
to match the freguency dependence observed in the Ivory Coral phenomenon we
must assume that two sets of irreqularities are present, one set with a trans-
verse correlation distance T] and another with a transverse correlation dis-
tance T2. The experimental measurements to date give no evidence for aspect
sensitivity less than perfect. That is, there is no reason to assume a firita
L and the model could be simplified somewhat by using a one-dimens? ..~, aito-

correlation function (variations across the field oniy). However, the
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simplification is not great and aspect sensitivity experiments are s+i1] underway
(HF-VHF interferometry) so for the present we shall retain the parameter L in
the model and assign it a Targe enough numerical value to produce high aspect
sensitivity. The relative strength of the two sets of Gaussian irregularities

in this model is set by the paramater a .

(S}  The constants (AN/N)g, A, T], T2, L], L2 and  have been evaluated

from the available experimental data and found to be the following:

———r————

(AN/N)g = 0.6 x 1074
A = 10 kilometers

T] = 0.1 meter

T2 = 0.5 meters
L, = L, = 10 kilometers
a = 0,24

The bulk of the quantitative experimental data in the Ivory Coral program has
been collected over backscatter paths or over bistatic paths which are so close
to the backscatter geometry that the difference is insignificant. These ex-
perimental results are summarized by the shaded band (1) shown in Figure 4. The
computed backscatter curve using the on-frequency scattering model with the con-
stants given above is shown by the solid curve labeled (2). The model predic -
tion is seen to match the experimental measurements to within the uncertainty

of the data. The solid curve labeled (3) on this figure is the model prediction

over a bistatic path for which the scattering angle is §0°. The important point
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is that at frequencies such as 200 MHz the radar scattering cross-section over
bistatic paths is expected to be as much as 20 dB greater than over backscatter

paths at the same frequency.

(S) The cross-section "main" expected over bistatic paths is a direct
consequence of the Bragg scattering law and the cbservational fact that the
backscatter cross-section decreases with increasing frequency. The Booker
scattering theory views the irregularities within the heated volur: as being
a super position of plane sinusoidal waves in space, only one component of
which is important in determining how strong the scatter will be at a particular
angle and wavelength. The important component is that which satisfies specularity
for the path (path bisector normal to scattering surfaces) and which has a spa-
tial wavelength such that the scattered signal from each cycle adds construc-
tively in the scattering direction. Constructive interference requires that
the path length difference for waves scattered from adjacent planes be equal to
the signal wavelength. Figure 5 shows that for bistatic paths the same irre-
gularity component that supports near-backscatter for an operating wavelenyth,
Ay will support scatter over a more bistatic path at a shorter wave1ength,k2.
The upshot of this is that the observed backscatter curve of cross-section
versus frequency can be used to predict the cross-section curve over bistatic

paths, using the scaling relation
oe (f) = 01800 (f sin 9/2)

For example, if 6 = 60°, sin 6/2 = 0.5 and consequently the cross-section

observed at frequency f over a bistatic path with 6 = 60° will be the same as

SECRET *



(N) ADNIND3IHY HIHOIH
V 1V ¥311VIS JILViSIig 1HOddNS ADN3IND3IY4 INO LV H311VvISHIovg

1H0ddNS LVHL SIILIYVINDIUEI JHL LVHL ONIMOHS ‘ONIHILLVIS 99vHE S 34NoI4 (Y

N E/E,E/

AL L1WWENYH

45

-—lﬂ

|
P ¢

. 7

o~ ,/,,,/ \\

0383 iviE LN AT
0

SECRET

_w AMLIMOF WILLvIS OUVMEGT WY IN AU LTMOID HILIVIEYIYE WvaN

SECRET



SECRET

(S) Cont'd.

that observed at half the frequency in backscatter. Siice the cross-section
increases with decreasing frequency, bistatic paths shou'd always give a higher
cross-section than backscatter paths, all else being equal. This model pre-

diction has not been checked experimentally but plans are underway to do so.

IV SUMMARY AND CONCLUSIONS (U)

(S) An on-frequency scattering model has been developed for use over
bistatic and backscatter paths. The model is consistent with the experimental
data collected over backscatter or near-backscatter paths. Two important facets

of the model are the following:

(S) 1. The aspect sensitivity is great enough so that for practical
purposes it can be considered perfezt. This means, for example,
that the width of the bands along the ground where signals can
be received from a remote transmitter via the heated volume
are set by the finite dimensions of the scattering volume rather

than by the finite correlation length of the scatterers.

(S) 2. Significantly larger radar cros.-sections are predicted for
bistatic geometries than for backscatter geometries at the
same freouency. For example, at 200 MHz the radar cross-section
of the heated volume should increase by 20 dB going from back-

scatter (6 = 180°) to a bistatic path (e = 60°),

(S)  The model is felt to be an important step in the right direction but is

by no means complete. Except for special cases, a numerical integration must be
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done to predict signal strengths and this will be time consuming on a computer.
This drawback of the model can probably be overcome for the cases of interest
by simplifying the model to the point where the integration can be done
analytically. More fundamentally, the model is based upon the assumed exis-
tence of irregularities whose characteristics are chosen simply to match the
observations. As the theory of the heater-ionosphere interaction is developed
to the point where the characteristics of the irregularities can be predicted,

the on-frequency scattering model should be revised.
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ABSTRACT (U)

(S)  The paper presents a method to extract information on the scale
sizes related to longitudinal correlation and intensity of the density fluctua-
tions from the backscatter radar observations of the angular pattern and the
orientation of the reflection surface. The two parameters determine the degree
to which deviations occur in the angular dimension of the radar pattern and
the tilt of the reflection surface from that expected for the conditions of
perfect aspect sensitivity. The curves generated of the deviations parametric
in the two scale sizes show that the RAM observations are consistent with a
recently reported value of 7.5 km for the intensity scale size and suggest a
Tower 1imit of about 10 m for the Tongitudinal correlation Tength defined

through the relation 6, = A/2 fE%L.
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I INTRODUCTION (U)

(S)  The ‘'on-frequency' scattering model presented in an earlier paper
provided estimates for the transverse scale size and the intensity of the
density fluctuations for the heater generated 1rregu1ar1ties.] The model was
based on the assumption that the signal returns are extremely aspect sensitive
and hence, it turned out that the total cross section is independent of the
Tongitudinal scale size. The intensity of the scattering irregularities is
believed to be a Tunction of height with its peak located at the height of
maximum heating. Although this dependence is built into the moael, no attempt
has been made to obtain a scale size to describe the intensity of the density

fluctuations.

(S)  The information on the longitudinal correlation and the fluctuation
intensity scale sizes is considered to be essential for an 2zcurate description
of tie scattering model. The two parameters influence in an important manner
the intensity and the angular dimension of the scattering lobe for a corstant
range from a diagnostic radar. The scatter returns will originate from the
region where the radar looks transverse to the field aligned irregularities and
the scattering lobe will have the dimension of the antenna pattern for the con-
ditions of perfect aspect sensitivity. Any deviation from this exact situation
is a direct consequence of the finite aspect sensitivi.y which in turn results
from the finiteness of the longitudinal correlation scale size. When the irre-
gularities are highly aspect sensitive, the primary effect of the height depen-
dence of the deasity fluctuations is to cause the intensity of the scattered
signal to change as a function of mismatch between the heater and the specular

reflection heights. An estimate has been made of the scale size for the
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fluctuation intensity by Swgeney and Fialer using the observations of the

signal intensity variation wifh the height mismatch.2 A somewhat less obvious
effect is to introduce a slight shift in the angular position of the maximum
return in the direction of the heater reflection height from the point of exact
specularity. Thus the effects of the two parameters, which in fact are coupled,
will reflect in the deviations in the orientation of the reflection surface and
the angular width of the scattered return from that corresponds to the condi-
tion of perfect aspect sensitivity. This paper is devoted to the simulation

of the scattering patterns for RAM radar and to extract some information on

the two parameters.

IT  SIMULATION OF RADAR PATTERNS (U)

(S)  The observed angular pattern of the signal intensity is the result
of the convolution of the radar beam with the scattering pattern of the irre-
gularities. Hence the intensity pattern I(eo) for an antenna scan parallel to

the magnetic field (elevation scan for RAM) 1is expressed as:

I(6) = K J Gg (6-6 ) G (5) ds (1)

o

—
D@

~—
1]

antenna pattern of the radar

o
—
D@
~—
"

scattering pattern of the irregqularities
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6, = elevation angle of the radar beam from the direction
of specularity
6 = elevation angle to a scattering irregularity
and K= a constant related t. system parameters

Let the radar beam and the scattering patterns be of Gaussian shape such that:

[ep]
n

a G, exp {-(e-eo)z/eg } (2)
and

Gy = 6,(y) exp { ~(200,)% } (3)

Where 6, and 6, are the e-folding beamwidths of the antenna and the scattering
patterns. Gs(y) is the scattering lobe intensity corresponding to the intensity
variation of the irregularities as function distance along the magnetic field.

Let us assume
G.(y) = G_. exp {-(y-y )Z/Az} (4)
S 50 0

where, as shown in Figure 1,

Wy, B distance of the heater reflection from the specular point
y = distance from the specular point to the scattering irre-
gularity
and A = Gaussian scale size for the intensity variation of the

irregularities along the magnetic field
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The high aspect sensitivity of the irregularities, Timiting the scattering to
a spatial extent small compared to the radar range, permits the approximation
6 = y/R forr evaluating the integral in Equation (1). On substituting the above
relations and evaluating the integral one obtains the following for the signal

intensity pattern:

2
K+/T 2Re y
I(eﬁ) = ——— exp -(yo/l\)2 - (28%/92) +[ Q 5+ 02] ; (5)
N S S(Rea) SA
where 172
2 4 1

S =

4 —

+
(Rea)2 (Res)2 A2

The angular position O of the peak of the intensity pattern is obtained by
solving for eO satisfying the equation dI(eo)/deO = 0. The solution for O is

given as:
- 2,52 2 2
6y = 2Ry 6/A [és (Re,)? - 4] (6)
The intensity distribution is expressed in the normalized form as:

I(e,) = I(e )/1(g ) (7)

using Equations (5) and (7) the normalized intensity patterns can be computed
parametric in A and ', the scale sizes for the fluctuation intensity and the
longitudinal correlation of the irregularities. The correlation length L is

related to the scattering lobe size 8 as3:

8, = A/2+/Znl (8)
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Where 1 is the wavelength of the operating radar. Figure 2 presents a set of
curves parametric in L showing the variation of B with the operating frequency.
The angular dimension and the slope of the scattering disk of irreqularities

are determined from the computed normalized intensity patterns In(eo). The
tilt of the scattering disk is determined from the angular position o, of the

peak of the intens' ty pattern.

ITT  NUMERICAL RESULTS (U)

(S) The following parameters relevant to the RAM radar observations are

used to compute the intensity patterns:

R = 900 km
fa = 3.46°
f = 157.5 Mz

Y. = =10 km

The patterns are calculated parametric in the scale sizes A and L. The computed
values of the angular width and the tilt angle of the scattering disk are
normalized by the antenna beamwidth and the tilt of the specular scattering
surface and the results are presented in Figure 3. The curves generated
correspond to the scale sizes A ranging from 5 to 100 km and L from 2.5 to 16 m.
The dependence of the width and the tilt of the scattering disk on the scale
size parameters is found to be sensitive enough to extract information on the
scale sizes from the backscatter radar measurements. It is recognized, however,
that at very high operating frequencies the observed deviations from the condi-

tions of perfect aspect sensitivity ave very small and the method relies on a
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high degree of precision in the measurements. The received power pattern in
elevation scan observed by Minkoff et. a14 using the RAM radar during a Prairie
Smoke II test conducted on April 25, 1972 is shown in Figure 4. The circles
represent the received power and the crosses denote the square of the antenna
pattern correspondina to a point source response for the backscatter operation.
The dotted curves represent 10% and 20% broadening over the antenna pattern.

The observations do suggest that the broadening due to finite aspect sensitivity
of the scatterers is almost negligible and may be not more than 5% at the most.
The results on the tilt angle of the scattering disk are taken from the obser-
vations collected at RAM on 12, 13 and 14 of October 1971.5 The observed tilt
anoles normalized to the tilt angle of the specular surface are shown in Figure
5 for nine different cases. It may be seen from the figure that the deviation
of the observed tilt angle relative to the specular surface is 15% or less.

The observations are found to be consistent with a recently reported estimate
of 7.5 km for A in that it requires only a little over 1% broadening in the
measured pattern. Commensurate with these parameters and a 15Y% deviation in the
tilt angie, the curves suggest a lower 1imit of about 10 m for the correlation

scale size L.

IV CONCLUSION (U)

(S) It is shown that the backscatter radar observations of the angular
dimension of the radar pattern and the tilt of the reflection surface can be
used *o extract information on the characteristic scale sizes describing the

longitudinal currelation and the intensity variation of the density fluctuations.
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RAM observations are found to be consistent with a value of 7.5 km for the
intensity scale size and seem to suggest a Tower Timit of 10 m for the Tongi-

tudinal correlation length as defined by Booker.3
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by

W. H. Russell, B. R. Pendyala and G. D. Thome

Raytheon Company
Sudbury, Massachusetts

ABSTRACT

(S)  This paper presents a method for computing the ground illumination
patterns for 'on-frequency' scatter from the heated volume. The size of the
illumination zones in a north-south plane are calculated by considering their
dependency on the operating frequency, the size of the scattering volume and
the aspect sensitivity of the scatterers. The results show that the size of
the illumination zones are primarily dependent on the finite size of the

scattering volume rather than on the finite aspect sensitivity of the scatterers.
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I INTRODUCTION (U)

(S)  Aircraft observations of scatter from the heated region during June
of 1971 have shown that adequate reception of the scattered energy is possible
only within specific zones on the ground.] These regions are typically 200 to
250 km wide in the north-south direction but considerably larger in the east-
west direction. It was postulated at that time that the size of the north-
south zone was dependent primarily on the size of the scattering vo]ume.2
Experimental evidence alsc showed that operating frequency influenced the zone
size and that refraction apparently affects the location of the zones. Other
factors such as the aspect sensitivity and the propagation geometry will also

influence the size of the illumination area and its Tocation.

IT COMPUTATION OF GROUND ILLUMINATION PATTERNS (U)

(S) To investigate some of these interdependencies, the scattering pro-
cess has been modeled analytically so that the relative intensity of the
scatter on the ground could be evaluated. To examine only the size of the
zone and how it varies with operating frequency and the size of the heated
volume, some approximations have been made. The frequency dependency has been
restricted to the VHF spectrum so that refraction effects can be neglected.
Also the scattering geometry has been constrained to a plane containing the
heated region and the radar. These approximations permit a two dimensional
straight line description of the scattering process. Furthermore, the magnetic
field has been considered constant throughout the heated volume and the curva-

ture of the earth was neglected.
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(S)  Within the above constraints, the resulting geometry of the scat-
tering may be described by Figure 1. The intensity of heater produced irre-
gularities is considered maximum at point 0 and decreases in a Gaussian fashion

in the x and z direction with scale sizes of W and A respectively,

(S)  The intensity, al, at a point Q on the ground due to a scatterer at
P is, therefore, dependent on the location of P in the scattering volume so
that 41 may be set proportional to the following term, (see Figure 1)
o~ (X°/WE)

m - (z + x cos I)Z/A2 (1)

The intensity will also be influenced by the scattering pattern of the irre-
gularities at P. For a Gaussian scattering pattern of the irregularities with
a 1/e beamwidth of es, the effect of aspect sensitivity on the relative inten-
Sity at Q may be described by an expression of the form

- (S/Res)2
e (2)

where S and R may be formulated in terms of the geometry as: (see Figure 1)

zd sin 1
S = 2z - +d cos I (3)
Ro + x sin 1

and

R = R, + (x - d) sin I (4)

The relations in Equations 3 and 4 are appropriate for the case of high aspect
sensitivity and when it is assumed that Ro is long compared to the scattering

volume size and the ground distance d.
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(S)  From the expressiors 1and 2 the intensity at Q due to the scatterer
at P is given as:
- XM - (2 + x cos )AL - (S/Rs)*
2l =1 e e e (5)
Evaluating the above expression for various values of d provides a distribution
of the intensity on the ground due to scatter frum a single irregularity at P.
The resulting distribution will not only be dependent on the geometry but also

on the operating frequency through the aspect sensitivity term B» since3:

8, = A/2VZiL (6)
where
» = operating wavelength
L = autocorrelation length as defined by Booker

A distribution in d may also be obtained for the scatter due to a column of

irregularities along the field lines by integrating Equation 5 over all z so

that
2
e ot xPeos?/al -dzcoszl/eSRz
[ = —m7m— ¢ e e (7)
N

h
where ) 12

1 d sin I ] 2 o

M = = + 2 - /eSR

A Ro + X sin I

and

x cos 1 d sin I 2 2
N = > +|12 - = ]d cos I /eSR /M
A Ro + x sin I
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(S) In a similar manner, a distribution of the intensity on the ground
due to scatter from a heated area may be obtained by integrating the effect of
scatterer along z and also x. The integration in the x dimension, however, has

been accomplished by a numerical technique.

(S)  To illustrate this approach, the intensity distributions have been
computed for a geometry appropriate to that of the RAMbackscatter observations
of the irregularities over the Platteville heater, Computations of the dis-
tributions were made at 50, 100 and 150 MHz for a single irregularity at the
center of the heated region, a column of irregularities through the center of
the heated volume, and for a total area of scatterers centered over the heater.

The parameters chosen to compute these distributions are as follows:

900 km

-]
1}

= 7.5 km R

68°

=
n

50 km I

The results are shown in Figure 2, where the areas under the distribution curves
are shaded to distinguish between the three conditions considered above (solid =
single irregularity, dark dots = column, and Tight dots = total area). It is
apparent from Figure 2 that consideration of a large scattering area produces

a substantial distribution on the ground. The distributions generated from the
integration over the total heated area are approximately 235 km wide between

6 dB points which compares favorably with the experimental observations of zone
sizes of approximately 200 to 250 km. It may also be noted from Figure 2 that
these distributions are all approximately of the same size regardless of fre-
quency. This condition exists since any broadening of the distributions due

to finite highly aspect sensitive scattering patterns of the individual

SECRET

67



SECRET

i i

(S) SNY3Llvd NOILYNIWNTII ONPYYY IHL NO AININDIY INILW3IJO IHL

ANV JWNTOA ONTHILIYIS JHL 40 .NOISNIWIQ IHL 40 133443 3HL "2 914 (S)

(WX) 39NVY arinoyo

006 ¥3lV3H 008 002 001 X1 00} 00e-
ZA,b-x--\r\°~\~1&|\rxuxx--:-\\\\\\\\\\si ~ T[LI-I.l.I..IL..u-I—I..I..IT..... A ......u_u_-..ﬂ_lr.... il ....-..l.l-l..-._ulrtl'mv
I._.Q_izdwmﬂ .
\ vl i
\ Iy
\ 2
\ / \ (W) 39NYH ONNOHY
\ ! ,., n__n___lm e la] 0 001~ ﬂﬂwn

\ \ L

NGNS, \ g e

JLINOVW * \ IHWOG % o

| -

A

—0 2

®

L

THNGOI Wm

!— N

o

)

0 I

.N

THWNOGI I~

m

) 2

68

SECRET



SECRET

(S) Cont'd.

irregularities is small compared with the effect of the total scattering volume.

ITI CONCLUSIONS (U)

(S)  The results presented here suggest that the size of the ground
illumination pattern for on-frequency scattering from the heated volume is con-
trolled primarily by the finite size of the scattering volume rather than by

the finite aspect sensitivity of the individual scatterers.
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(S)  An RF scattering model which is consistent with the existing experi-
mental measurements has been developed for the ‘on-frequency' signal co~nonent
scattered from the heater induced jonospheric irregularities. The model is
intended primarily for scatter communication systems application and further
to aid in the theoretical and experimental efforts to understand the heater-

ionosphere interaction phenomenon.

(S)  The model presented here is based on the theory of weak scattering
(Born approximation) developed by Booker for the case of anisotropic field
aligned Gaussian irregularities. The same type of functional form has been
adopted in the model to characterize the heater induced ‘on-fequency'scat-
tering irregularities. No attempt has been made to Justify how such type of
irregularities are produced or maintained and to this extent it might become
necessary to modify the model in future when a complete theoretical descrip-

tion of the irregularities is made available.

(S)  The characteristics of the irregularities in the heated volume are

specified generally by a two dimensional Gaussian autocorrelation function having
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a scale size T transverse to the wagnetic field and a scale size L alung the
field. These two parameters along with the intensity of the dersity fluctua-
tions determine the scattering properties of the disturbance. Essentially, it
is the transverse scale size that governs the frequency dependence whereas

the ratio (L/T) determines the aspect sensitivity of the scatterers. In order
to be able to match the model computations with the observations of total
scattering cross section as function of radar frequency, it was Tound essential
to assume that two domirant sets of irregularities with transverse scale sizes
T] and T2 are present in the scatte-ing volume. Using a highly refined earth's
magnetic field model and the observations of the distribution of signal returns
in space, it was shown that the on-frequency scatterers are extremely aspect
sensitive. This property has been used to effect substantial simplification

in analytical evaluation of the scattering coefficient integral. The total
backscatter radar cross soction for two scale size scattering medium was

derived as:

5,2 2 2.2
477W RA (aN/N) -87°T
O = Q exp -DZ/AZ} a T2 exp —1 +
T 4 1 2
A A
N
2 "8'“2T§
(1-a) T exp 5
A
where
R = range from radar to the specular point in the scattering
volume
A = radar wavelength
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Ay S ambient plasma wavelength at the specular point
W = Gaussian radius of the heated volume in a horizontal plane
at ‘*he reflection level
(AN/N)S = mean square electron density fluctuations of the irregularities
at the specular point
A = Gaussian scale size of (AN/N)2 along the magnetic field
D = separation along the field between the specular point and
the heater reflection level
T], T2 = Gaussian autocorrelation scale sizes for density fluctuations

transverse to the magnetic field

a = a parameter determining the relative strength of the two
Gaussian irregularity distributions used in the model

(S)  The model predictions were found to match well with the observed

optimum radar cross sections when the values assigned to various parameters are

as follows:
1 2 _ -4
R = 900 km (AN/N)0 = 0.6 x 10
AN = 54 T] = 0.1m
W = 90 km T2 = 0,5 m
D = 0 a = (.24

(S)  The model discussion as indicated above was limited essentially to
the backscatter case although an approach to obtain a general solution for a
bistatic situation was also presented. While the exact solution is quite
involved it can be shown using the principle of Bragg scattering that to the

first order of approximation the radar cross section for a bistatic path can
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be expressed in terms of an equivalent backscatter cross section using the

scaling relation

o (3 Rys Ry) = oyg0 (f sin 0/2, R)

Where 6 is the scattering angle and R is the equivalent backscatter range related

to the bistatic ranges R] and R2 as:

R - 2 R] R2 sin (6/2)/(R] + R2)

The scaling relation predicts that the bistatic radar cross sections are signi-
ficantly greater than that for backscatter at the same frequency as a consequence
of the fact that the radar cross section increases with decreasing frequency.

For example, at 200 MHz the radar cross section of the heated volume should
increase by approximately 20 db going from backscatter (6 = 180°) to a bistatic
path (e = 60°). This model prediction is now in the process of being chesked

experimentally.

(S) The model as described above has not provided any information on two
of the scale size parameters, L and A, describing the iongitudinal correlation
and the intensity variation of the density fluctuations. A method was pre-
sented to extract the scale sizes from the backscatter radar observations of
the angular pattern and the orientation of the scattering surface. The two
parameters determine the degree to which deviations occur in the observed radar
patterns from that expected for the conditions of perfect aspect sensitivity.
The curves generated of the de:iations parametric in the two scale sizes show

that the RAM radar observations are consistent with a recentlv reported value
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of 7.5 km for the intensity scale size and suggest a lower Timit 10 m for the

Tongitudinal correlation length defined through the relation 0, = A /20700,

(S) The final aspect of the scattering model presented in this report is
related to the dimensions of the ground illumination patterns due to the 'on-
frequency' scatter from the heated volume. The sizes of the illumination zones
in a north-south plane are calculated by considering their dependency on the
operating frequency, the size of the scattering volume and the aspect sensi-
tivity of the scatterers. The results show that the size of the illumination
zones are primarily dependent on the finite size of the scattering volume

rather than on the finite aspect sensitivity of the scatterers.
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