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ABSTRACT

The feasibllity of using an orthogonal forward
scaﬁter system for the measurement of winds in the meteor
region is investigated. Such a system is attractive
because of its simplicéity, relatively low cost and
negligible attendance requirements.

Results obtained with a simplified prototype model,
although not sufficiently accurate, indicate the suit-
ability of the proposed system for the intended purpose.

An overéll design proposal for a F=2finitive
working model 1s presented on the basis of the performance

of the prototype system.
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PREFACE

This work basically represents a study of the
feasibility of a novel meteor region wind velocity measuring
system. The nature of such a work suggests a rather
unconventional approach to the organization of the text.

For the sake of continuity a number of subjects that more
or less digress from the main line of argument are relegated
to appendices.

The first chapter presents some background on
winds in the-ﬁeteor region and methods to measure themj
it also explains the advantages of the proposed system.
Further detaills are found in Appendix 1 and Chapter 2
which contains a very brief summary of meteor physics
relevant to the work at hand ahd radio echo theory as
well as a review of the properties of the winds in the
meteor region. This information serves as a basis on
which the necessary specifications for the system are
selected.

The prototype model 1s described in detail in
Chapter 3 where its operation is also explained. The
results obtained are presented and discussed in Chapter 4

with a detailed error analysis given in Appendix 7.

iv



Chapter 5 presents a design proposal for a definitive
working model based on the performance of the prototype.

A chapter on discussion and conclusions has been
omitted since it would merely represent a duplication of
topics previously discussed.

The author wishes to express hils appreciation to
Prof. P. A. Forsyth of the Department of Physics for his
guidance and unwavering support of the present work. The
innumerable fruitful discussions with Prof. G. F. Chess
of the Faculty of Engineering Science and his extraordinary
patience during the revisions of the manuscript are also
greatly appreciated. |

The project was substantially supported by the

Federal Department of Transport (Purchase Order H1861).
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CHAPTER 1
INTRODUCTION

It has been recognized for many years that
varlations in the earth's magnetic field are related to
large scale motlons in the lonosphere; evidence of the
highly dynamic ionospheric state at slightly lower
altitudes has been found in the motion and distortion of
bright, long--enduring meteors as well as of the rare
noctiluscent clouds. The mechanisms governing atmospheric
motions are not fully known in spite of significant
efforts directed toward understanding them by scientists
in the various atmospheric disciplines. Foremost are
the meteorologists, for whom a more complete grasp of the
physical phenomena that determine these motions as well
as other properties of the atmosphere, could prove to be
an invaluable aid 1n weather forecasting and conceivably
even in developing methods to control climatic conditions.
The connections between lower and upper atmospheric
motions are not yet clear, but it seems that an attempt to
determine them should begin with a wide scale comprehensive

study of ionospheric motions coupled with investigations

1



in the lower levels. In addition, space sclentists in pre-
dicting the reentry of space vehicles, require a good
knowledge of the alr density and motion in the meteor
region where most of the deceleration takes place. These
requirements justify the investigation of motions in the

70 —-100 km height range.

Figure 1 shows the various methods used to measure
lonnspheric movements with thelr respective applicable
height ranges and Table 1 summarlizes the main characterist-
ics of each (Kent and Wright, 1967). The absence of other
sultable natural targets that follow the local air motions,
lead to the conclusion that the radio meteor system 1s
the only viable method for accurate and economical routine
wind measurements in the lower E-~region.

It 1s widely accepted that meteor trails are
carried by the motion of neutral particles at helghts up
to about 95 km, above which magnetic forces may play an
important roll in determining the movement of the charged
particles (Kaiser, Pickering and Watkins, 1969). Within
these limitations, it is sufficlient to observe by means
of radio methods the movement of the reflecting point
(basically the centre of the principal Fresnel zone)
on the trail to obtalin the wind veloclity at the correspond-

ing location. This 1s usually done by determining the
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TABLE 1 PRINCIPAL ADVANTAGES AND DISADVANTAGES OF

THE METHODS OF MEASURING IONOSPHERIC MOTIONS

Method

Radio meteor

Airglow

Noctilucent clouds

Satellite drag

Aurorae

Chemical trail

EJjected sensors

Pitot tube

Acoustic wave

(AFTER KENT AND WRIGHT, 1967)

Main Characteristics

Relatively simple direct
method, restricted
height range.

Little used, interpret-
ation difficult.

Shows horizontal
behaviour, very restrict-
ed height range,
relatively rare events.

Only available neutral
method above 200 km.
Regquires extensive
averaging.

Very dubilous interpret-
ation.

Very direct, trail life-
time only a few minutes,
night-time only.

Restricted to helghts
below 80 km.

Little used.

Restricted to heights
below 90 km.

continued...



TABLE 1

Method

Thomson scatter
Plasma injection

Close-spaced antennae
Doppler shift

Large-scale irregularities

Patches of irregularities

N = neutral atmosphere: P

Continued

Class Main Characteristics
P A new method of consid-
' erable promise. Needs

sophisticated equipment.

P Relatively little used,
similar to chemical
trail. '

I Very common, interpret-
ation under debate.

I Particularly used to
observe waves in plasma.

I A variety of methods,
not applicable to
small irregularities.

I Restricted to certain

classes of lonospheric
irregularities,

= bulk plasma: I = plasma l1lrreg-

ularity.



Doppler shift of the received signal which is proportional
to the rate of change in the propagation path length. As
winds have been found to be substantially horizontal
(Manning et al, 1950; Robertson et al, 1953), only the
horizontal wind component is considered necessary.

It is well known that the wind structure in the
meteor region 1s highly anisotropic, having quite short
vertical correlation lengths as opposed to very long
horizontal ones (Greenhow and Neufeld, 1959a);it is
therefore evident that in order to obtain meaningful wind
veloclity profiles, the height of the reflection point
needs to be determined with a much highef accuracy that
the other two spatial coordinates. Occasionally the
height 1s obtained from the decay times of underdense
echoes, however this method has proven to be inaccurate
on an individual echo basis although statistically it
appears to be adequate (see Chapter 2). A more widespread
approach is to locate the reflection point by triangulation.
This method provides more accuracy and as it is Independent
of echo shape the criteria for the selection of useful
echoes may be relaxed.

Most of the existing systems (discussed in Appendix
1), are monostatic or closely spaced multistatic back-

scatter radars that essentially provide only one wind



velocity component. The determination of the horizontal
wind vector requires two components, preferably orthogonal
for higher accuracy. These could be obtained with
existing systems either by using a single station to
observe two regions in the sky, or by using two widely
separated stations whose radiation lobes converge
orthogonally on the region under observation. The

former method has the drawback that in order to have such
two distinct components, it is necessary to have a
horizontal separation between the two regions which is
sufficient to significantly reduce the correlation
between the winds in them, and the latter requires two
complete systems, each with attending personnel, making
this solution economically unattractive, particularly if
. Wide coverage is deslred by means of many stations.

It appeared that both these difficulties could be
circumvented by using a system based on a forward scatter
geometry and consisting of two extremely simple and
economical remote transmitting stafions requiring no
attendance except for occasional maintenance and one
receiving sﬁation containing part or all of the data
processing facilities. In addition, this geometry
provides a smaller scattering loss, an increase in the

echo duration as well as allowing the use of continuous



wave (cw) transmissions whose advantages are listed in
Appendix 1,

The proposed geometry is shown in Figure 2. Trans-
mitting stations, Tl and T2 send CW signals toward the
volume under observation, P ‘where meteors with orientations
that satisfy the condition of specularity reflect the
signal from either or both transmitting stations to
the receiving site, R. The Doppler shift of the slignals

received from T, and T2 provide the reflection point

1l
drift component along the bisectors of the corresponding
scattéring angles, Vl and V2 which are orthogonal as a

result of the selected geometry. The reflection point'

L T,

Fig. 2 Plan view of proposed geometry



is located by determining the direction of arrival of
the received slgnal and the trail azimuth as seen from
the transmitting stations. Detalls of the methods used
to accomplish this are given in Chapter 3 where a
detalled description of the complete system 1s presented.
The main object of the proJect was to develop a
prototype model that could be used to assess the
effectiveness of the proposed system which by virtue of
i1ts novelty required an empirical investigation of
various unknown parameters to be used 1iIn the design of

a definitive working model.



CHAPTER 2
THEORETICAL REVIEW

As an exhaustlve coverage of the theory associated
with meteor region wind measurements is beyond the scope
of this work, only a brief summary of some of the most
pertinent aspects are presented in this chapter. Others
are mentioned in those sections where their relevancy is
more manifest. The chapter is divided as follows:

(1) Meteoroids and trails

(2) Meteor trail radio scatter

(3) Meteor region winds.

These toples have been treated éxtensively and unless
stated otherwise, the information was obtained from the

comprehensive book by McKinley (1961).

2.1 Meteoroids and Trails

The earth is continually being combarded by
meteoroids ranging in weight from milligrams to several

tons that can be divided into two groups depending on

10
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their behaviour.

(a) Shower meteoroids share a common orbit and
' thereby appear to originate from the same point on the
celestial sphere (radiant of the shower). It is possible
that they are the remnants of the destruction of a larger
body.

(b) Non shower or sporadic meteoroids do not
belong to a specific shower and consequently appear to
originate from radiants distributed over the whole
celéstial sphere. The number of sporadic meteors
arriving at a particular region varies diurnally as well
as seasonally. The first variation canlbe explained in
terms of the motion of the earth and the second by assuming
a non uniform'sporadic radiant distribution which is
more dense near the ecliptic and blased toward certain
ecliptic longitudes (Lovell, 1954; Weiss, 1957).

When a meteoroid penetrates the atmosphere,
its kinetic enérgy is transformed through collisions
"with the air molecules mostly into heat as well as
light and ionization. According to the simple evaporation
theory, the ionization along the trail left by the

passage of a meteoroid is



i2

9p P
a a 2
a = q — (1 - ) (2.1)
max pamax 3 pamax

where:
q = electron line density at a height with
atmospheric density Py
Anax = maximum value of q occurringat a level where
Pa “Pamax
Ao x and pamax are given by the following expressions,
4 8
q =g =——mcos ¥ (2.2)
max 9 uH ]
Pamax = __§'£_. m*cos x (2.3)
Av AH
where -
B = probébility that an ablated atom will produce
a single ionization
U = mass of meteor atom
H = atmospheric density scale height
m = initial mass of the meteoroid

= zenith angle of meteor trail

heat of ablation of the meteoric material

> o X
]

= heat transfer coefficient
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v = velocity of meteoroid
A =.A;m'2/3 where A is the initial cross section

of the meteoroid normal to the line of flight.

Most meteors, however, are characterized by an
irregular ionization component superimposed on the simple
theoretical profile (Rice and Forsyth, 1963, 1964). The
1mporténce of this deviation is discussed in the next

section.
2.2 Meteor Traill Radio Scatter

In the presence of an electromagnetic wave,
the free electrons of a trail oscillate ﬁnder the influence
of the applied field thus scattering the éignal. Depending
on the electron density, there can be two distinct
scattering mechanisms thét give rise to the so-called
underdense and overdense traills.
' (a) Underdense trail: The electron line density
is less than approximately 101" m"1 and the interaction
between the electrons is negligible, so that each is free
to oscillate under the effect of the incident wave and
act as an independent scattering unit.

(b) Overdense trail: In this case the electron

line density exceeds 101" m-l, secondary scattering
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between the electrons is important and the dielectric
constant 1s negative throughout a significant volume
within the trail. Under these conditions the trail
reflects like a metallic conductor and there 1s a great
attenuation of the signal benetrating the region of
negative dielectriec constant.

A wave incident on a trall is specularly reflected
with most of the echo power originating at the principal
Fresnel zone. Radar observation of trails can be
accémplished with two scattering geometries depending on
the separation between the transmitting and receiving
stations. If they are closely spaced, the echo returns
essentially along the same path as the transmitted signal
glving rise to the backscatter case. However, 1f the two
stations are widely separated, the echo travels along a
distinctly different path, leading to a forward scatter
geometry. BotﬁAof these cases are illustrated in Fig. 3.
The various relationships pertinent to meteor radio echo

'theory are shown in the next sections.
2.2.1 Underdense Trail

(a) Forward scatter.

In the case of an underdense trall the echo amplit-
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Tangent plane

Propagation plane

Earth's surface

\\\\\\\\\\ T,R Earth's surface i\\\\\\\\\

Fig. 3 Forward and backscatter geometries
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ude rises rapidly during formation and subsequently decays
exponentially due to the lncreasingly destructive inter-
ference between the signals scattered by electrons whose
separation increases as a result of the expansion of the
trail through diffusion. The received echo power after

formation 1is:

Pp(t) = PR(O)exp-(Swzr; /A2sec?¢)exp-(32w2Dt/Akec?¢)
(2.4)
where t = time
A = wavelength (m)
D = diffusion coefficient (mz/sec)
r = initial trail radius (m)
¢ = one half of scattering angle (Fig. 3)
PR(O) = received power from trail assumed to have zero
radius and given by:
' 2

3 sin2
R1R2(R1+R2)(1-sin $cos“B)

PL(0) = 5x10~32p

where

g
i

T transmitted power (watts)

G, = transmitting and receiving antenna gains in

T> R

the direction of interest

Rl’R2 = transmitter and receiving ranges (Fig. 3)
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Y = angle between incident electric vector and the
line of sight of the receiver
B = angle between the trall and the intersection of

the propagation and tangent planes (Fig. 3).

b) Back scatter.

In this case ¢= 0, R, =R, =R and y= 0, therefore

(2.4) and (2.5) become

Po(t) = P_(0)exp-(8rr_2/2%)exp-(32n2Dt/2%)  (2.6)

3
=32 A 2
2.5le PpGrGr ;3 q (2.7)

PR(O)

The first exponential terms of (2.4) and (2.6)
correspond to the attenuation caused by the destructive
interference dﬁé to the initial trail radius and the
second describes the decay due to diffusion. Therefore
' the echo amplitude time constant (decay time) for the
forward and back scatter geometries are

22

T = sec2¢ (2.8)
un 16m°D )

Tun. = —6—2' (2.9)
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and it follows that the forward scatter geometry provides
longer durations as well as larger echo amplitudes which

may be an asset in a wind measuring system.
2.2.2 Overdense Trail

The amplitude of an echo reflected from an over-
dense trall 1is characterized by a fast initial rise which
slowly tapers off to a maximum and then decays rather
rapidly. These echoes are usually much longer than the
ones associated with underdense trails. Expressiohs for
the echo powers 1n the forward and back Scatter geometries

are (Hines and Forsyth, 1957)

P,.GGA2sin?y
Pp(t) = I TR x (2.10)

32n231R2(R1+R2y(1-s1n2¢cos23)

/"-lDt Lo : gi?sec?¢
——— 1n ("ﬂm )

sec?¢ by 3Dt
and
P GG )2 v// u_e2qr?
Pp(t) = ——2I2 #lpt 1n (-=——) (2.11)

6U4n2R3 hmliw3Dt



where

time for the trail to become

forward and

and

permeability of free space

electronic mass

3
[

M
I

electronic charge.

The corresponding durations, now defined as the

underdense

backscatter geometries

_ =17 A2%gsec?
Tov = 7x10 __£%T___$
_ =17 Azg
Tov = T7x10 )

are for the

Height Determination From Decay Times

Equatibhs (2.8) and (2.9) together with an

expression for the diffusion coefficient as a function

"altitude would seem to indicate that the height of the

reflection point can be determined from the decay time

underdense meteors.

Nevertheless Greenhow and Neufeld

Weiss (1955), Murray (1959) and others found large

discrepancies between the diffusion and trlangulated

heights, which could not be attributed to errors in the

measurements.

Various explanatlions have been suggested

19
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to account for this discrepancy:

(a) Variations in diffusion coefficient

(b) Effect of the magnetic field of the earth
on diffusion

(¢) Distortion of the trail by winds

(d) Inclusion of meteors approaching critical
density

(e) Distortion of exponential decay due to
plasma resonance

(f) PFinlte meteoroid velocilty

(g) Irregularities in the ionization along

the trall.

The equivalent apparent scatter in the diffusion
coefficient versus height persisted in multifrequency
experiments that eliminated effects (a), (b) and (c).

In addition a careful selection of the echoes used
minimized the 1nf1uencé of (d), (e) and (f) leading to
‘the conclusion that inhomogeneities in the ionization
along the trail could cause the scatter. This view was
supported by theoretical calculations based on a traill
with a superimposed sinusoidal variation in its loniz-
ation (Rice and Forsyth, 1963) and subsequently confirmed

experimentally (Rice and Forsyth, 1964), Inasmuch as
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this scatter is unavoidable, it can be concluded that the
decay time method is inadequate if heights are to be
known accurately on an individual echo basis, however, it
appears to be statistically satisfactory (Weiss, 1955;
Murray, 1959). ’

2.3 Meteor Region Winds

The wind in the meteor region is fairly complex,
basically consisting of three components that can be
separated on the basis of their behaviour; The main
features relevant to their measurement are considered in

the following sections.
2.3.1 Prevailing Wind

This component 1s approximately constant over
long periods of time and is approximately directed
toward the east in summer and winter and toward the west
in spring and autumn, although variations of this pattern
have been reported. The uniformity of this wind arises
from its quasi-equilibrium condition under the effects of

a pressure gradient, Coriolis force resulting from the
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rotation of the earth, and gravity (Hines, 1965 ).

Fig. 4 shows the average prevailing wind measured
over a year at Jodrell Bank with latitude 53°N (Greenhow
and Neufeld, 1955b): similar results have been found in
Kharkov (50°N) and Obninsk (55°N) (Kashcheyev and Lysenko,

1967).

Fig. 4 Components of prevailing wind. Sept.53-Aug. 5.4,
Points are shown for individual days. (After
Greenhow and Neufeld, 1955b).

The prevailing wind gradients obtained at Jodrell
Bank are shown in Fig. 5 (Greenhow and Neufeld, 1956);
Elford (1959) reports gradients up to four times in excess
of these., It should be noted that these gradients are

usually fairly constant over the meteor region, an lmportant
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feature insofar as measurementsare concerned,

Fig. 5 Prevailing wind gradient (After Greenhow and
' Neufeld, 1956)

2.3.2 Tides

Superimposed on the.prevailing wind are cyclic
components with periods of 12 and 24 hours. Also
weaker higher harmonics have béen detected. These
tides are attribﬁted to thermal excitation of the
atmosphere by the sun as well as to a minor gravitational
influence of the sun and the moon.

Observations at Jodrell Bank have yielded a
distinctly dominant semi diurnal component shown in
Fig. 6 (Greenhow and Neufeld, 1956), whereas
investigations at Adelaide revealed a dominant diurnal
component (Elford and Robertson, 1953; Roper, 1968).
Tidal amplitudes of 30 m/sec and shears of 3m/sec-km

are common. As in the case of prevalling winds tides



Fig. 6 Height variation of N-S and E-W wind
components. The constant and sum of the
first two periodic terms of the Fourier
series are shown as broken lines.

Sept. 16-17, 1954 (After Greenhow and
Neufeld, 1956)

24
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can easily be measured although a larger number of

measurements are required because of their shorter

periodicity.

2.3.3 Gravity Waves

In addition to the well organized tidal motions,
there are highly anlsotropic irregular wind components
of comparable amplitude, with vertical and horizontal
scalés of approximately 6 and 150 km respectively and
shears as high as 100 m/sec km. The statistical
properties of these irregularities have been described
by Greenhow and Neufeld (1959 a) using vertical Spatial
and temporal autocorrelation functions as depicted in
Fig. 7; similar results were obtained by Spizzichino and
Revah (1968).

| Certain features of these irregularities 1led
Hines (1960) to propose that the: apparently random wind
" fluctuations resulted from the superposition of a broad
spectrum of more coherent modes of propagation. Thils
theory has been widely accepted and theoretical consid-
erations based on it may be used to determine the
requirements to be imposed upon a wind measuring system.

The most important parameters are the minimum vertical
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wavelength and the shortest period that can propagate
into the meteor region, the former being 100 m at 80 km
height and 1 km at 100 km (although the smallest observed
wavelengths have been at least three times as large
(Hines, 1963) and the latter being approximately 10 minutes
which is also several times shorter than the minimum
observed periods. These are extreme values considerably
more demanding from a measurement point of view than the
domihant propagation modes at the corresponding heights,
noneﬁheless, because of theilr small spatial and temporal
structure, the obéervation of wind irregularities is

far more difficult than that of the other components.
2.4 Determination of System Accuracles

The accufacies attainable with the system to be
developed are determined by inherent limitations in the
observational procedure as well as by noise, equipment
liﬁitations, and data processing.

Since the received echo amplitude can be assumed
to be the integral of the signal scattered over the

principal Fresnel zone of the trail, it would be meaningless
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to define the position of the reflection point with an
accuracy significantly smaller than the radius of the
zone. Likewise, the observed apparent motion of the
reflection point corresponds to some form of average
over the complete Fresnel'zone, which implies a smoothing
of the very small wind structure. For the case described
herein the radius of the zone is approximately 1 to 2 km
depending on the trall orientation; however, its vertical
projection remains at about 1 km, leading to the selection
of a maximum error of 1 km in height due to the other
sources mentioned above.

The accuracy required for the 1dcation of the
reflection point in the horizontal plané is determined
by the relative horizontal and vertical correlation
lengths which are in a ratio of approximately 20 to 1.
Therefore, 1f similar wind errors are desired as a
result of an erroneous vertical or horizontal reflection
point location, a horizontal accuracy of about 20 km is
' necessary. |

In the presence of large shears, the error in
height introduces significant errors in the determination
of wind velocities which are difficult to evaluate due
to the irregularities in the shear as well as the

smoothing effect mentioned above. Average shears of 10
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to 20 m/sec km are common (Greenhow and Neufeld, 1959 bj
Kochanski, 1964) leading to errors in the order of 10 to
20 m/sec for 1 km error in height. In view of this
rather large uncertainty, 1t does not appear to be
economically justifiable to aim at extremely small wind
measurement errors due to equipment limitations and

data processing. An accuracy of 2 m/sec 1s falrly easy
to achleve with reasonably priced oscillators and it

would not unduly degrade the overall system accuracy.



CHAPTER 3
PROTOTYPE SYSTEM DESCRIPTION AND OPERATION

3.1 General

The general features of the proposed wind
measuring system are described in Chapter 1, where it
is shown that two identical subsystems, each consisting
of a transmitting and receiving station (the latter
common to both subsystems) are required for the deter-
mination of two orthogonal components of the wind
velocity.

A prototype model was developed to assess the
effectiveness of‘the proposed system. By virtue of
the symmetry apparent from Fig. 2, the prototype'may
consist of only one of the required subsystems and
any conclusions reached on the basis of its performance
are equally applicable to the other. Consequently the
prototype is composed of one transmitting and a simplified

receiving station, and is therefore capable of determining

30



31

one wind velocity component,

The transmitting station is located in the vicinity
of Ottawa, Ontario. It radiates two C.W. signals of
approximately 18 watts at H0.3500 and 40.3505 MHz beamed
in slightly diverging directions aimed approximately
toward the west (Fig. 8).

The receiving station located in Delaware, Ontario,
consists of three receivers connected to antenna arrays
pointed in an approximately northward direction so that
their beams intercept those of the transmitters roughly
over Sudbufy, Ontario which thus becomes the region under
observation. When a meteor with an orientation that
satisfies the condition for specularity between the two
stations is produced in this region, it reflects the
transmitted signal such that an echo 1s detected at the

recelving site.

3.2 . Location of Reflection Point

The location of the reflection point on the trail
is determined by the following parameters,
(a) Transmitter azimuth angle of .the target §
(Fig. 8)
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(b) Azimuth angle of the received signal @
(Fig. 8)

(c) Elevation angle of received signal ¢

The transmitter azimuth of the target and the
vertical at the transmitting site define a plane that
contains the reflection point, which is identified by
the intersection of the plane and the line defined by the
azimuth and elevation angle of the received signal,

The methods used to determine the parameters are
explained in the following sections; complete calculations

to locate the reflection point are presented in Appendix 3.

3.2.1 Transmitter Azimuth Angle of Reflecting Point

—

Equations (2.4) and (2.10) give the received
echo power in terms of system parameters and scattering
geometry for the case of underdense and overdense trails
respectively. Since the wavelengths of the two trans-
mitted signals are virtually equal, the scattering
geometry of both signals is identical for a given trail.
Therefore the ratio of the powers received at the two

frequencies is a function of only the gains of the
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respective transmitter antenna array in the direction

of iInterest. As a result of the diverging transmitting
lobes the gains for any oﬁe reflection point generally
differ and consequently the ratio of the receilved powers
(and amplitudes) at both frequencies is a function of
transmitter azimuth only. Barring ambigulties due to

side lobes, there is a unique solution for.the azimuth in
terms of amplitude ratio. Fig. 9 shows such a relationship
calculated for the theoretical transmitter radiation

patterns (Appendix 2).
3.2.2 Azimuth and Elevation Angle of Received Signal

‘These parameters are'indirectly obtained by
determining the phase difference between the signals
arriving at the three receiving antenna arrays whose
layout in the receiving site 1s shown in Fig. 10. The
geometry associated with the determination of the phase
difference between the signéls arriving at two antennas
as a function of the inclident ray direction is shown in

Fig. 1l1l. It is clear that

v = ﬁgﬂi cos © (3.1)
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Fig. 10 Receiving antennas configuration
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FPig. 11 Arrival angle geometry

6.725 MHz . x6 Power i

Oscillator Multiplier Amplifier 40,3500 MHz
6.72508 MHz x6 Power .____:j7
Oscillator Multiplier Amplifier 40.3505 MHz

Fig. 12 Transmitting station block diagram
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where:
Yy = phase difference between signals arriving
at the two antennas
d = antenna separation
6 = angle between the inéident ray and the axis

Jolning the two arrays.

This expression has cylindrical symmetry about
the antenna pair axis; therefore, for a given phase
difference, the locus of the direction of arrival 1is a

cone centered at the axis with semi-angle 6 where

s~1 13%3 (3.2)

6 = co

The direction of the incoming signal is defined
by the intersection of the cones obtained from the
application of équation (3.2) to the signals arriving
at the N-S and E-W pairs. The azimuth and elevation

angles are then given by (Appendix 3),

cos eEw - cos a_cos eNS

@« = tan~! ) (3.3)
sin aocos eNS
cos ©
e = cos™t (———N—S-) (3.4)

cCOoSsS O
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where:
Go = angle between N-S and E-W array axis = 91°
8 = as defined in (3.2) for specified axis
€ = elevation angle of received signal

¢ = azimuth angle for received signal.

3.3 System Implementation

3.3.1 Transmitting Station

A block diagram of the transmitting station is
shown in Fig, 12, It consists of two simple continuous
wave transmitters each of which contalns a high stability
crystal controlled oscillator which 1s necessary in
obtaining the desired accuracy in the measurement of
wind veloclties. The outputs of the transmitters are
radiated by means of two arrays of four vertically
polarized yagl antennas separated by half a wavelength.
The arrays transmitting the 40.3500 and 40.3505 MHz
signals are beamed at azimuths of 291 and 283 degrees

respectively.

3.3.2 Recelving Station

A block diagram of the receiving system is shown
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in FPig. 13, further details are given in Appendix 8.
Antenna preamplifiers are required to offset the degradation
in signal-to~noise ratio caused by the attenuation in the
long transmission lines between the antennas and the
receivers. As the two received signals must be

separated for further processing, 1t 1s desirable to
convert them to a lower frequency such that the separat-
ion can be achleved with fairly simple filters. Triple
conversion recelvers are used which provide outputs at
4.5 and 5 kHz corresponding to the received 40,3505 and
40.3500 MHz respectively. These signals are separated

by means of m-derived passive filters each designed with
a notch frequency to coincide with the frequency of the
signal to be eliminated (Appendix 8).

(a) Direction finding

The direction finding 1s accomplished by comparing
the phase between the 4.5 kHz outputs from the three
receivers, which, as a result of the use of common local
osclllators, preserve the relative phase difference between

the recelved signals.

(b) Transmitter azimuth determination

The two signals used to determine the amplitude
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ratio which in turn defines the transmitter azimuth, are
processed by the same receilver to avoid errors due to

receiver gain instability.
(¢) Doppler measurements

The Doppler shift is obtained by comparing the
5 kHz receiver output with a 5 kHz reference signal in a
lock-in amplifier whose output frequency is equal to
the difference in frequency between the two input
signals. The sense of the Doppler shift, necessary to
establish whether the target is approaching or
receding, 1s determined by the phase relationship
between the "in phase" and '"quadrature" outputs from
the lock-in amplifier (Appendix 4).

The six outputs from the recelving system are
fed into a paper‘chart recorder which displays them on
individual channels except for the E-W phase difference
which shares one channel with the IRIG C time code. The
time code 1s disabied when a signal exceeding a
threshold level is detected. A sample record is shown

in Fig. 14.



Pig. 1l4: Sample record



CHAPTER 4
PROTOTYPE SYSTEM PERFORMANCE

The main aspects of the performance of the pro-
totype system are presented; these are the sensitivity,
frequency stability, and accuracy in the determination

of the height of the reflection point.

4.1 System Sensitivity

The sensitivity of the system determines the
minimum electron line density tﬁat can be detected
which in turn affects the number of meteors that can be
observed in a glven period of time. The electron line
density required to obtain an echo with a given signal-
to-noise ratio at the recelving station is a function of
system and geometrical parameters as well as the noise
power of the system. Equation (2.4) defines the received

power in terms of the relevant system and geometrical

43
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parameters for an underdense trall. Overdense meteors due
to their very high electron line density need not be
considered in the present discussion. In addition the

received noise power is given by

Py = k Tgy B (4.1)
where
k = Boltzman's constant = 1.38 x 10-23jou1es/°K
TSN = system noise temperature (°x)
B = system bandwidth 1in Hz.

The system noise temperature is approximately
7,300 °X (Appendix S5) and the predetection bandwidth
800 Hz. The bandpass characteristics for the subsystems
that process both frequencies are depicted in Fig. 15.
The rather unusuél shapes are due to the use of m-derived
filters with thelr notches at the undesired frequencies.
The frequency response of the paper chart recorder used to
display the output signals from the receiving system
Introduces a post detection bandwidth of approximately
100 Hz. An exact knowledge of the equivalent noise band-

width of the recelving system is not necessary, therefore
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a rigorous determination, which is very complex, 1s not
required; instead an approximate value 1s obtained by
using the geometric mean of the pre- and post-detection
bandwidths (Tiuri, 1964). Using these values in equation
(4.1) leads to a noise powef, Py = 3.0 x 10717 watts
which is 1n fair agreement with the measured noise power

of approximately 6 - 9 x 10-17

watts. Typical echoes
with S/N of 20 dB were used, thus requlring a received
signal power of about 8 x 1071 watts. Substituting
this value 1n equation (2.4) leads to an electron line
density of approximately 0.5 x 101" m~1 which 1s about
one half of the critical density. This suggests that
underdense echoes are very unlikely to exceed a S/N of

26 dB which is corroborated by the observations.
L,62 Frequency Stability

The frequency stability of fhe system is the 1limit-
ing factor (insofar as equipment is concerned) in the
attainable accuracy of the wind veloclity measurements.

The required accuracy of 2 m/sec (Chapter 2) corresponds

to a permissible error 1in frequency of approximately 0.5 Hz
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(Appendix 3). It should be noted that this value applies
to frequency shifts more than to absolute frequency errors
which can be detected from long term wind results.

Periodic measurements prior to the experiment
showed that after months of continuous operation, the
transmitter and receiver oscillators stabilized sufficiently
for the frequency drift not to exceed the above figure
over periods of several days. As is shown in the subsequent
discﬁssion on the wind results, it was found that the
absolute error in frequency probably did not exceed 2 Hz.

Figures 16, 17 and 18 show scatter dlagrams for
the wind speed observed through individual echoes during
several days. The necessity of regular recalibrations
of the receiving system and constant attendance of the
chart recorder impeded a continuous monitoring of the
winds.

The prevéiling and- tidal components of the wind
velocity, computed by means of Fourier analysis using
hourly wind averages within a 24 hour period between
August 20 and 21, are shown in Fig. 19 where hourly wind
averages obtained for other days are superimposed for
comparison. A good correlation 1s evident between the
experimental points and the semidiurnal sinusoid, in

fact, the correlation coefficient between it and the
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Fig. 17 Wind velocity scatter diagram
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points used to compute it is 0.8 (Chapman and Bartels,
1940).

These results are in good agreement with those
obtained at Jodrell Bank (53°N) by Greenhow and Neufeld
(1955b, 1956), who for the month of August, report a
prevalling wind directed toward the southeast of about
24 m/sec compared to 27 m/sec in these measurements. In
addition, the semi diurnal component amplitude was
approximately 25 m/sec as compared to 22.5 m/sec in the
present work. The directions of the semidiurnal wind
vector also agree; Greenhow and Neufeld's results indic-
ate that the vector 1is directed at 150o aiimuth (corresp-
onding to the Ottawa-London scattering angle bisector)
at 0915 and 2115 hours local time, whereas 1in this work
thé maximum positive winds, which occur when directed at

150°

azimuth, were present at 1000 and 2200 L.T. The
difference is sméll and it can partly be explained by
assuming a latitude wind velocity distribution similar
to that described by Kato (1956) for the dynamo region.
The agreement between the diurnal components 1s
not as good; Greenhow and Neufeld obtained an amplitude

of approximately 10 m/sec compared to 3 m/sec in this

work. There is also a time difference of 11 hours in



52

the orientation of the diurnal wind vector; however as
the observed data covered 270° of the diurnal cycle only,
the result may not be reliable. More observations would
provide more reliable results which might be in better
agreement with other 1nvestigations.

In view of the generally good wind results it
can be stated that the prototype system can be used to
measure winds. Some fixed frequency displacement may
have been present, but the results for the prevailing
wind indicate that it 1s unlikely to exceed the Doppler

shift equivalent to wind velocities of 8 - 10 m/sec.

4,3 Location of Reflection Point

The reflection point is located by determining
its transmitter“ézimuth and the direction of arrival of
the receilved signal (Appendix 3); the former beling obtained
from the theoretical amplitude ratio as a function of
transmitter azimuth and the latter from the phase relation-
ship of the signals arriving at the three recelving
antenna arrays. Since the phase between the received
signals is measured at the end of the receiving system,

the physical difference between the various channels
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introduce a constant differential phase shift on the
output signals, thereby altering thelr absolute phase
relationship. It is therefore ngcessary to determine
the constant phase shift (phase ébnstant) for both
direction finding subsystems. The procedure to achieve
"this is explained in detail in Appendix 6.

A computer program was developed to calculate
the position of the reflection point using the theory
presented in Appendix 3; a detalled error analysls is
given in Appendix 7. The histogram shown in Fig. 20
corresponds to the measurements whose height 1s physically
possible when the errors are considered, leading to 352
solutions out of U418 echoes used. The unacceptable
heights may be attributed to side lobe transmissions
(mainly southern transmitting secondary lobes) which
introduce an error in the ;ssumed transmitter azimuth.
This appears to be confirmed by an approximate calculation
on the expected relative number of echoes due to side
lobe propagation that leéds to 5 - 5.5 main lobe solutions
out of 6 observations.

The range of the side lobe echoes 1s sufficiently
small to cause considerable ambiguities in the determination

of the position of the reflection point due to amblguities
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in qu resulting from the observation of an azimuth range
covering at least two complete revolutions in wEW‘ The
difficulty of resolving the ambiguitles prevents the use
of these solutions, however their small number makes
their elimination unimportant and there is no reason to
assume that they would provide notably different wind
information from that obtained from the main lobe solutions.
It is possible that the apparently main lobe propagation
echoes are contaminated with side lobe ones, however it
is nof possible to identify them with the avallable
evidence; in addition the relative number of main and side
lobe echoes is such that a significant cohtamination is
unlikely. |

In order to confirm the ability of the system to
determine reflection point heights, 1t 1s sufficlent to
make a comparison between the distribution of helghts
obtained for underdense meteors by triangulation and decay
times. Pigures 21 and 22 show the triangulated and
diffusion heights respectively; the good agreement in the
distribution shape and mode indicates that the system can
determine heights even though the results have excessive
errors that lead to the very large dispersion of the
triangulated height distribution compared to that for

diffusion heights, which resembles the true distribution
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more closely. Some truncation is present at the high end
as a consequence of the bias in the selectlon process
which favours longer echoes because of thelr better wind
information content.

The correlation betﬁeen the heights obtained
through both methods is virtually zero, which is to be
expected from the large errors associated with the height
determinations. No strict selection was performed of
echoes with nearly ideal exponentilal decay, and an
important contamination of near critical meteors is
probably present due to the relatively low system sensit-
ivity. Under these conditions errors of ébout 5 km in
the decay heights are possible, and these in conjunction
with the much larger errors in the triangulated helghts
render a good correlation impossible.

In summary, the performance of the prototype
model, while not—being entirely satisfactory, confirms
the feasibility of using an orthogonal forward scatter
geometry for the measurement of winds in the meteor

region.



CHAPTER 5
NEW SYSTEM PROPOSAL

5.1 General

The results obtained with the prototype model
can be used as a basis for the determination of the
design parameters of a definitive working system., It is
desirable that such a system be automated'and preferable
ﬁhat the data be handled in digital form to simplify 1its
processing. The measurements are to be taken within
0.1 seconds after the formation of the trail to avold
distortions due to winds (Greenhow, 1952) and errors in
helght as a conséquence of motions of the reflection
point because of wind shears (Roper, 1966).

An overall design of a system that 1s expected
"to meet the specifications established in Chapter .2 is
presented beginning with some necessary properties of
the transmitted signal, followed by the determination of

the parameters required for the location of the reflection
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point. Subsequently the transmitter power needed for the
observation of the necessary number of echoes per hour is
found, and finally the Doppler measuring subsystem is

obtained.

5.2 Frequency and Polarization of the Transmitted Signal

The frequency used in meteor radars is not very
critical, in fact, the various systems listed in Table 2
cover a range of over one octave; higher frequencles are
unattractive because of the associlated inéreased scattering
loss (equations 2.4 and 2.10). The disadvantages of
lower frequencies are discussed by Peterson (1968), the
most important being the presence of atmospheric noise
which may hinder observations over prolonged periods.

In the case of s&stems that require high directivity,

the increase 1n the sige of the antenna arrays is also a
drawback. Operation around 40 MHz is fairly common and has
provén to be quite satisfactory. This was confirmed by

the operation of the prototype model which, with the
exception of occasional unacceptable noise levels due to
atmospheric electrical activity in the vicinity of the

receiving station, did not show any problems assoclated
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with the frequencies used. It should be noted that
these frequencies are in the last instance determined by
the available bands 1n today's crowded spectrum. In the
present work frequenciles of 10.350000 and 40.350500 MHz
are used. The small separation between the signals 1is
required in order to have nearly identical propagation
paths at both frequencies, as well as by the need to
process bbth signals with a common receiver for the
amplitude ratio measurements.

A second scattering system with an additional
two closely spaced frequencies 1is required to measure
the second orthogonal component of the wihd velocity.
Economic consideratlons sugges®t tﬁe use of frequenciles
that can be processed by the same recelvers as for the
first system, therefore the difference between the
extreme frequencles should be in the order of 2 - 3 kHz
to fit into the bandpass of typical receivers. The four
frequencies can be separated fairly easily after they have
been converted to approximately 5 kHz.

The signal polarization to be used is determined
by the electron scattering mechanism at the trail. An
electron under the influence of an electromagnetic wave

oscillates in the direction of the applied electric field
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vector, 1its radlation pattern being like that of a dipole
with axls parallel to the field; i.e., a closed toroid
with maximum and zero radiation in directions perpendicular
and parallel to the axis respectively. As the transmitted
signal is scattered by electrons in the trail, it is clear
that in an orthogonal scattering geometry the transmitted
signal should be polarized in the vertical direction for
most efficient operation. This has the added advantages
of reducing ground reflections as well as diminishing the
probability of plasma resonance at the trail since in

most cases its direction tends to have a large vertical

component.

5.3.1 Location of Reflection Point

By far the most difficult specification to meet
is the required accuracy of + 1 km in the determination
of the reflection point height. The permissible error is
due to inaccuracies in the direction finding and in the
transmitter azimuth. For practical receiving antenna
separations (in the order of 100 m) it can be shown that
the former 1s approximately four times larger than the

latter. Therefore errors of 0.8 and 0.2 km due to
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inaccuracies in direction finding and transmitter azimuth

respectively are specified.

5¢3.2 Receiving Antenna Separations

It is clear that for a given‘signal-to-noise
ratio the main parameters determining the direction
finding accuracy are the antenna separations and the
angle between the incoming signal'and the antenna axes.

Differentiating equation (3.1) we obtailn

Y- - Zsin e (5.1)

Therefore for improved accuracy'it is convenient to
increase d and 6. In the E-W pair 0=90o which is
optimum and for the N-S pailr it implies that echoes with
high elevation angles are desirable. However, this has

the following drawbacks:

(a) Winds are essentially horizontal, therefore
the wind component parallel to the scattering angle

bisector would be reduced, with the consequent decrease in
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wind speed accuracy.

(b) The observation at high elevation angles
requires trails with larger zenith angles. As these
trails are not as numerous as are those with smaller
angles, the increase in accﬁracy would also be accompanied
by a decrease in the observation rate.

To avold the necessity of excessively large
antenna separations, the observations are l1limited to a
minimum elevation angle of 12.5o which defines the maximum
observable range at about 320 km (Fig. 23). The measured
height of echoes originating at longer distances have
more error due to the increased range as well as lower
elevations. An observed volume 70 km deep is chosen as
a convenlient slze to be obtained with reasonable transmitter
radiation patterns, resulting in a minimum range of 250 km
where the maximum elevation angle is approximately 22
degrees. It shoﬁld be noted that the observed elevation
angles are near the pseudo-Brewster angle for a typical
ground, thus reducing the effect of ground reflections
(Appendix 2).

The maximum error in height due to elevation errors
occurs at the largest range, i.e. 320 km where a change of

0.8 km in height corresponds to 0.13° change in elevation.
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The error in elevation is the result of errors in both

eNS and eEW‘

€ )=
30ys 3 Cpy

deEw

Inspection of the geometry associated with the direction

finding leads to the approximate expression

A®

A6
_ NS EW
Ae = sinn tann , : (5.2)
where
n = angle between the two direction cones at

their intersection.

Therefore the maximum error 1n elevation for a given ABNS

and AeEW

seen from the receiving station., Assuming a maximum

occurs at the edges of the observed volume as

azimuth range of + 10° to obtain a volume width of
approximately 70 km, the value of n at the edges 1s about
45°,

Inasmuch as gNS and eEw are obtalned from the phase

differences wNS and wEW between the signals arriving at the



= 1 - 0.032 rad = 1.8°

100

vla
I

]

and the total RMS error due to both signals 1s

ap = V1.8%2 + 1.8° = 2.6°

Allowing 0.40 for errors due to quantization, system
1imitations, etc. the final value for the acceptable

error in the phase measurements becomes

Also, from equation (3.1)

Yy = %%Q cos ©

and
v -8y = %FQ cos(8 +46)
eliminating yit is found that

AYC-A 1
360 cos 6 — cos(6+A0)

d
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(5.3)
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The values of A8 are obtained from (5.2) where in order
to obtain similar separations for both palilrs, the

following restrictions are imposed

A6
NS = 0.75 ae
sin n
A®
EW _ 0.25 ae
tan n

Substituting the appropriate values in (5.3) leads to

the antenna separations for both difectioh finding

systems

dNS = 150 m

4 115 m

EW

both of which are reasonable.

A simple calculation shows that there is no
possibility of ambiguities in eNS due to multirevolution
measurements of wNS . This is not the case however

for the E-W pair where ambiguities are certain. It is
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therefore necessary to resolve this ambiguity and it
appears that the best method is by using a second E-W
direction finding antenna pair with much smaller separa-
tion not simply related to 115 m so that a given pair
of wEW corresnonds to one value of eEw only.

The results obtained with the prototype model

.show that most echoes having ¥ within 10 - 20 °

from
0 or 360° cannot be used because of the very noisy
phasémeter outputs. This 1s an inherent property of
instruments that operate on the principle of comparing
the zero crossings of two signals, and assuming a uniform
phase distribution, approximately 10% of fhe echoes are
lost, which would be reduced by using signals With higher
S/N. Nevertheless if a maximum number of echoes are to
be used, it 1s recommended to employ two phasemeters for
the measurement of each phase difference as shown in
Fig.'ZU, in which case always one of the unlts will read
between 90 and 270° which corresponds to the region of
better phasemeter performance. A simple logic circuit
can be used to select and identify the appropriate
output.

The outputs from the phasemeters are pulse trains
with PRF equal to the frequency of the signals being

compared, and duty cycle proportional to the phase differ-
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Fig. 24 Proposed phase measuring subsystem
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Fig. 25 Effect of range error on height determination
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ence between the input signals. Therefore the

average value of the output (DC component) is also
proportional to the phase difference. The nature of

the phasemeter outputs suggests a direct digital process-
ing, but in view of the poséible 0.6% variation in the

PRF due to Doppler shift it is not possible to obtailn

the desired accuracy of 0.4° by simply determining the
duration of the pulses with a clock and gated counter.
Therefore it is also necessary to know the PRF which 1is
available from the wind information. Alternatively, the
duration of the ON and OFF sectlons of the output wave-
form can be measured by the same method aﬁd their ratio,
which is only a function of the phase difference, deter-
mined by a ratio counter or in the subsequent processing.
The clock frequency that drives the gated counter is
obtained on the basis of the desired accuracy of 0.4° which
requires each pefiod to be divided in about 1000 Intervals.
Assuming the PRF to be simllar to that in the prototype
model, a clock frequency of H.S_MHz would be required. It
i1s advisable to pérform several phase measurements for
each echo so that fast changing phases indicating some

anomaly can be detected.



5.3.3 Transmitting Antennas Radiation Patterns and

Divergence Angle

The maximum allowable height error due to in-
accuracy in the transmitter azimuth determination is
+ 0.2 km (section 5.3.1). 1In a worst case design this
error must not be exceeded at a point with longest
transmitter and shortest receiving range, i.e. 320 and
250 km respectively. Under these circumstances the
elevation of the incoming signal 1s 22° and the change
in height due to an increment in range resulting from

transmitter azimuth errors is (Fig. 25)

Ah  _ o _

T - tan 22 = 0.405
Therefore

Ar = 39-,;—%,-5- = 0.5 km

and the permissible error in transmitter azimuth 1s

. 9.5 o
AS = 350 - 0.09
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Assuming the S/N to be 30 dB (section 5.3.2) the amplitude

error is



T4

M =+ SgN 1001

= 10 log Y000 = 0.0"3 dB

Allowing 0.05 dB to include all errors not due to noise,

the RMS error in the amplitdde ratio becomes

" AR = /0.092 + 0.092 = 0.13 dB

Therefore the necessary variation of amplitude ratio

as a function.of transmitter azimuth 1s

dR _ 0,13 dB _
S5 = ——=—— = 1l.4ap/°

0.09°

This is not difficult to obtain; as an example which
has no side lobe problems, two arrays consisting of 14
elements (monopoles) separated by one half wavelength
and with a binomial amplitude distribution is suggested.
The radiation pattern of one of such array is shown in
Fig. 26 and the amplitude ratio as a function of trans-
mitter azimuth for two beams with a divergence angle
equal to one beamwidth is depicted in Fig. 27 where

it is shown that the required slope is obtained. As

accuracy considerations dictate that echoes with ranges
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below 250 km or above 320 km not be used (section 5.3.2),
it is necessary to restrict attention only to those
echoes with amplitude ratios between + 10 dB.

The relative amplitudes of the two signals used
in the amplitude ratio measﬁrement must be accurately
preserved. This may be accomplished by using a linear
receiver common to both signals thus avoiding errors
due to non linearity and changes in receiver gain. After
separation of the two frequencies by means of filters,
the signals may be processed by precision logarithmic
converters whose outputs are proportional.to signal
strength in decibels, a convenient feature when large
dynamic ranges are used. The logarithmic converter
outputs may then be applied to a differential amplifier
which provides the amplitude ratio in dB to an analogue
to digital converter. The individual amplitudes may also

be recorded if desired.

5.4,1 Necessary Observation Rate

The necessary number of useful echoes per hour is

determined by the desired spatial and temporal wind
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resolution, which in turn is a function of the wind
properties. As stated in Chapter 2, the irregular wind
component imposes the most stringent requirements on the
measuring system, therefore its characteristics are used
o establish the required observation rate.

The irregular winds afe very anisotropic, with
horizontal and vertical correlation lengths of approx-
imately 150 and 6 km respectively (Chapter 2); consequently
the vertical wind sampling must be much finer than the
horizbntal. It 1s thus necessary to divide the volume
under observation in compartments of sizes suitable to
provide the required sampling and impose fhe condition
that at least one meteor be observed inside each compart-
ment within a period defined by the temporal wind auto-
correlation function which leads to approximately one
hour (Chapter 2). The sides of the volume under observ-
ation have been defined as 70 km long (sections 5.,2.2 and
5.2.3), which is substantially smaller than the horizontal
correlation length, therefore it does not appear to be
necessary to compartamentalize the volume horizontally,
Along the vertical direction the division is essential
due to the much shorter vertical correlation length.

The thickness of the slices is limited by the accuracy in
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the helight measurements which leads to the selection of
2 km corresponding to approximately twice the length of
the vertical component of the principal Fresnel zone.
The necessary number of slices is defined by the meteor
height distribution, assumed to be approximately Gaussian.
The mode of the distribution is arbitrarily set at 93 km
and the standard deviation, on the basis of Kaiser's results
(195H); at 1.3 scale heights corresponding to approximately
8 km. For this distribution, ten slices covering 20 km
and centered at 93 km would account for 80% of all
meteors. If a trail is produced, the probability of its
maximum ionizatlion point being at any lével i1s shown in
Fig. 28. Since an enormous number of meteors would be
required to have near certainty of observing.at least
one echo per compartment per hour, a 90% probability is
selected for this event to occur. The average number of
echoes per hour required to obtaln the desired probability

is computed as follows

1-( -p)"

v
n

where

g
]

probability of at least one meteor being
produced at a given level provided a trail

is created
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Fig. 28 Probability of one meteor occupying given level
(provided a meteor is produced)
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Fig. 29 Probability of at least 1 meteor (out of U42)
occupyling given level
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P = probability of a meteor being produced at a
given level provided a trail is created
n = total number of meteors produced,

By letting P = 0.9 and using the values of p
shown in Fig. 28 we obtain n = 42, Fig. 29 shows the
value of P at the various levels for n = 42,

Summarizing, the volume to be observed is 70 x
70 x ?0 km and approximately 40 echoes with signal-to--

noise ratio exceeding 30 dB are required per hour.

5.4,.2 Transmitter Power

The observation rate obtained with the prototype
model serves as a basis for the determination of the
required transmifter power, which as will be shown, is
the main parameter that determines the number of echoes
observed per hour. Since the geometry of the proposed
system is nearly equal to that of the prototype, the
geometrical parameters influencing the rate of observatioq
need not be taken into consideration.

The peak received power is apprbximately glven

by equation (2.5) which after lhmping the geometrical
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parameters into a constant becomes,
P, =K x P, x G, X G X q2 (5.3)

and the amplitude of the reéeived signal

A = /kPTGTGR q (5.4)

The galn of the antennas can be approximated by
41250/ab (Kraus, 1950) where a and b are the E and H
plane beamwidths respectively. Substituting these values
for the prototype and proposéd antennas it is found
that both havé substantially the same gains, therefore it
i1s unnecessary to consider them further and the trans-
mitted power becomes the chief factor in the change in
the received power for a given trail.

The prototype model is able to observe about four
echoes exceeding 20 dB S/N per hour during low activity
periods; this number can be increased by a factor of
approximately four by improving'the data processing so
that no echoes are lost due to incomplete Doppler infor-
mation or noisy phase data. Thg latter case was discussed

in section 5.3.2 and the former is mentioned in section 5.5.
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Therefore by improving the data processing, approximately
16 echoes with S/N of 20 dB would be obeerved. This
figure can be improved further by reducing the receiver
bandwidth and increasing the transmitted power,

It is found in section 4.1 that the equivalent
noise bandwidth of the receiver was approximately 360 Hz.
The peak Doppler shift of less than 30 Hz permits the
reduction of the bandwidth by a factor of six which in
conjunction with a 70% increase in the transmitted power
resuits in an improvement of 10 dB in the received S/N.
Therefore by increasing the transmitted power to 30 watts
(18 watts in the prototype) and using a receiver band-
width of 60 Hz, it would be possible to observe 16
echoes per hour with S/N of 30 dB. To obtain the power
required to observe 40 echoes per houf, it is necessary
to find the dependency of the number of echoes exceeding
an arbitrary amﬁiitude on the transmitted power. The
follewing disgreseion is necessary to establish such a
relationship.

The number of sporadic meteoroids with mass

exceeding an arbitrary mass mg is (Browne et al, 1956)

N « (mo)"l
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From (2.1) and (2.2)

)-1

N = (qg (5.5)

where

q

o arbitrary electron line density.

Also from (5.4)

A

q “\/pE

and substituting in (5.5)

"’I:‘?l
o |3

which states that the number of“echoes exceeding an
arbitrary amplitude Ao 1s proportional to the square root

of the transmitted power and it follows that

. /P
e R |
N, P

2

leading to a necessary transmitted power of 190 watts.
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5.5 Wind Measuring Subsystem

Many echoes with durations comparable to the
Doppler period could not be used because of insufficient
wind information; obviously highef echoes (with shorter
durations) in the presence of slow winds are more affected
by this limitation in the system, resulting in a bias
against them in the selection of useful echoes. In
addition when very fast Doppler frequencies were present
it was impossible to determine the phase relationship
between the outputs of the lock-in amplifier which
define the Doppler sense and consequently some echoes
had to be discarded.

To overcome the limitatibns inherent in the
Doppler measuring subsystem of the prototype model, a
digital displaced method is proposed for the new system
(Fig. 30). A reference frequency (fo) is used to
measure the time fequired by two complete Doppler cycles
by means of a gated counter. In order to have at least
two cycles within the 0.1 second observation time, a

minimum Doppler frequency of 20 Hz is required. Assuming
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maximum wind speeds of 150 m/sec with associated frequency
shifts of 30 Hz leads to the selection of a displacement
of 50 Hz which results in a maximum Doppler ffequency of
80 Hz. Under these circumstances the times required for

two cycles are

3
]

max 0.1 sec _

Tmin

0.025 sec.

Letting the feference frequency produce 250 counts
in 0.1 sec leads to fo = 2500 Hz. An eight bit system
with 256 quantization levels appears to be adequate
although the fbllowing check on the attainable resolution
is necessary. |

In T, there are 0.025 x 2500 = 63 counts,

in
therefore the quantization errors correspohd to

150 m/sec - (=150 m/sec) _
B0 =63 = 1.6 m/sec

which is acceptable on the basis of the considerations

presented in Chapter 2.
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5.6 Summary

The results obtained with a prototype model
based on an orthogonal forward scatter geomeﬁry show
the feasibility of such configuration for the
measurément of wind velocity in the meteor region
(Chapter 4). Appropriate modifications are proposed
and a definitive working model of a system that will
meet the necessary specificatlions has been presented
(Chapter 5). Such a system is characterized by its
simplicity and economy, making it suitable for routine

measurement of winds in the meteor region.



APPENDIX 1

EVALUATION OF EXISTING RADIO METEOR WIND SYSTEMS

A thorough evaluation of the various radio
meteor systems now available is beyond the scope of
this work. However thelir most relevant features are
briefly mentioned; the reader is referred to the original
sources for further details.

Since all systems fall broadly within two
categories in regards to transmission method and scatter-
ing geometries, their main characteristics are listed
so they can be used as a frame of reference in the

subsequent evaluation of the different systems.

A.i Traﬁémission method

(1) Pulsed'

- Advantages:
- Accurate ranging
- Convenient for back scatter systems where

transmitter is not isolated from receiver

88
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(use receiver muting) ‘
- Enables back scatter stations to eliminate
unwanted echoes e.g. from airplanes, by using

range thresholds.

Disadvantages:

~ More complex transmitter

- High range resolution demands the genefation of
a large number of harmonies which can interfere
with adjacent equipment and communications
at other frequencies, a likely event in view
of the crowding in the electfomégnetic spectrum

- Requires large receiver bandwidths for good
range resolution, thereby reducing the signal-

to-noise ratio.

(ii) Continuous wave

Advantages:
- Narrow band transmission and reception
- Improves the signal-to-noise ratio
-~ Simpler transmitters
- Permits the observation of the echo amplitude

fine structure.
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Disadvantages:
~ Cannot be used in monostatic systems
- Requires isolation precautions in closely
spaced multistatic systems
- Susceptible to spurious reflections in back
scatter system.

B. Scattering geometry

(1) Back scatter

Advantages:

- The proximity between transmitter and receiver
permits easy access to the transmitted frequency
which is required to determine the Doppler
shift of the receivedﬂéignal

- Maintenance of equipment is simplified by the
proximity of transmitter and receiver

- Allows relatively easy location of reflecting

point.

Disadvantages:
- Produces highest signal scattering loss and
shortest echo duration

- It may be subject to spurious reflections from
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flying objects

- Two ways of obtaining two wind components are
possible:
1) Meteors at two different azimuths are
observed, thus obéaining two radial components
(Robertson et al, 1953; Greenhow and Neufeld,
1960). This method is inadequate because in
order to obtain two distinct components, the
volumes under observation must be separated
by an undesirably great distance.
ii) Two widely separated backsqatter systems
can be used to observe the same volume. The
disadvantage of this method 1s basically
economic since two complete systems are required.

—

(i1) Forward scatter

Advantages:
- Smaller scattering signal loss with the
associated rise in underdense echo ceiling
- Longer echo durations
- Permits the use of CW transmissions
- Two transmitting and one recelving station are

required for two wind components measurements,
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however the very simple CW transmitting stations
are economical and require 1little malntenance,
thus partially nullifying the objections to a

multistatic system.

Disadvantages:

- In the absence of direct links between widely
separated installations, which 1s generally
impractical, the detection of the extremely
small Doppler shift requires highly stable
transmitter and receiver oscillators. Such
units have become avallable at feasonable cost,
thus minimizing the obJectiops to their use.

- Location of scattering point i1s more complex

than in the backscatter case.

Followiﬁé is a brief description of some of the
current meteor wind systems which should be viewed 1in
terms of the features described above and the accuraciles
determined in Chapter 2. The heilght accuracies shown
below are generally poorer than those claimed by the
sources quoted. They are obtained from Barnes (1969)

and probably represent revisions over previous estimates.
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1. The Adelaide system. (Robertson et al, 1953;

Elford, 1968)

This multistatic backscatter system consists of
one transmitting and four réceiving stations, whose
small separation makes it essentially a single wind
component system; it is, however, suitable to measure wind
shears through the observation of the trail motion at
the points that'satisfy the condition of specularity for
the various transmission paths.

Ranging is ogtained with a pulse system and the
Doppler shift is derived from a CW signalvat a different
frequency. The sense of the Doppler shift is determined
by phase modulating the CW transmission.

The direction of arrival is determined from the
phase relationship between the Doppler signals obtained
by mixing the direct and sky waves at several antennas.
This 1s a drawback of the system, since for accurate
direction finding it is necessary to have at least two
complete Doppler cycles, which in a non displaced Doppler
case lmposes a considerable restriction on the number of

usable echoes.
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Accuracy:
Range: 2 km
Direction of arrival: 1 degree

Height: 2 km

2. The Stanford System. (Peterson and Nowak, 1968)

This is a rather unusual system designed to
operafe under adverse conditions including noise and
spurious reflections. It uses a monostatic radar that
transmits 28 bit random phase coded pulseé, each bit
being 10 microseconds long. A good range resolution is
obtained by matching the transmitted with the recelved
pulse.

The elevation angle of the reflection point 1s
obtained from the amplitude ratio between the signals
received at two antennas with different vertical
radiation patterns. This method has since drawn some
eriticism (Frost et al, 1970). The azimuth of the
received signal is not determined, which rules out this
system because of insufficient spatial accuracy. The

wind is measured with a 40 Hz displaced Doppler by
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alternately observing two volumes separated in azimuth
by approximately 90 degrees with the consequent loss of
correlation between the winds in the two volumes under

observation.
Accuracy:

Range: 0.75 km
Height: 2.5 km

Wind speed: 5 m/sec

3. The Garchy, France system. (Spizzichino et
al, 1965; Revah, 1968)

Bistatic backscatter system using C.W. trans-
mission at three closely spaced frequencles. The
direction of arrival is obtained from the phase relation-
ship between the signals arriving at three antennas.
Ranging 1is performed by an ingenious mixing of the various
components of the ground and sky wave,

The main shortcoming of this system is that
four stations would be required for the measurement of

two wind components.

Accuracy:

For S/N = 25 d4dB
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Direction of arrival: 1.5 degrees
Height: 3 km

Wind speed: 1 m/sec.

It should be feasibie to improve the height
accuracy by modifying the system. A displaced Doppler

would also be an asset.

4. The Havanna, I1l. system. (Grossi, 1968;

Southworth, 1968)

Multistatic system consisting of one main trans-
mitting and receiving site and seven remote receiving
stations separated from the main one by up to 30 miles
and connected to it by telephone and microwave links.

Ranging can be performed from the main as well
as peripheral stetions by means of a pulse system.
Direction finding is done by multiple ranging and phase
direction finding at the main site in conjunction with
information obtained from the diffraction echo.

This is a very sophisticated system that provides
other information besides three dimensional winds. The
high cost due to its complexity makes 1t very unattractive

for wind measurements for which much simpler methods are
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acceptable.

Accuracy:
Height: 3 km
Wind veldcity: 3 - 12 m/sec depending

on geometry.

5. The AFCRL system.(Ramsey and Myers, 1968;
Pazniokas, 1968; Frost et al, 1970)

Monostatic system where ranging is done by pulse
method and the direction finding'is perfofmed by a phase
sequence interferometer that is shared for azimuth and
elevation determinations.

Two Doppler systems are available for wind
measurements, a non displaced one for fast moving targets

and a 25.6 Hz diéplaced one for slow winds.

Accuracy:
Direction finding: 1 degree
Height: wunavaillable,

The inherent disadvantages of two back scatter

systems for the measurement of two wind components are
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not offset by any particularly outstanding feature of
this system.

Table 2 summarizes some parameters of a number of

meteor wind systems (Barnes, 1969).
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APPENDIX 2
THEORETICAL DETERMINATION OF ANTENNA RADIATION PATTERN

All transmlitting and recelving antenna arrays
conslist of four vertically polarized five element yagi
antennas separated by half a wavelength (Fig. 31). The
radiatioﬁ pattern 15 obtained by multiplyling the array
.factor by the pattern of an individual yagl antenna. The
vertical plane array factor is equal to unity and the

horizontal one 1is given by (Kraus, 1950),

E L sin(n¥/2) L (A2.1)
n sin(y/2)
where
E = electric field strength
= u sin ¢
= azimuth measured from the broadside array
axis
n =4,

In addition Crysdale and Olive (1956), report

100
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Fig. 31 Antenna array (dimensions in m)
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that testing of a scaled model of the yagis used, yielded

an H and E plane beamwidth of 60° and 50° respectively

and a gain of approximately 10 dB.

The radiation patterns

can be determined by assuming the antenna to have a

rectangular effective apertdre A,

2
A = 2_g = 0.822
4y
where
g = numerical gain
A = wavelength.

(A2.2)

In which case the antenna lobes correspond to

the intensity diffraction pattern of a rectangular slit

which in the main planes is given by

sin(wd sin®)A )2
md sin 6A

where

d = sl1it width

(A2.3)

0 = angle between the observed direction and the

perpendicular to the slit plane.
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The sides of the slit are found from the beam-
widths leading to 0.85 and 0.96 wavelengths for the
horizontal and vertical sides respectively and the

array radiation patterns are therefore found to be

sin(2wsing)
sin(gsin¢)
2

Pyor = K L

x 8in(0.85msing) 42 (A2.4)

0.857msin ¢

_ ' sin(0.96wsing) -2
P =K [_5196hsin ¢ ]

VERT (A2.5)

where K constant.

The horizontal radiation pattern 1s shown in
Fig. 32, the vertical one, however, needs to be modified
due to the effect of ground reflections which are computed
for typical 1océi ground electric properties (Jordan, 1950).
The reflection coefficient for a vertical polarized signal

is

(eR-JX)sine - /zeR-JX)-cosze
R = s (A2.6)
(eR-JX)sine + /keR-jX)-cos €

where

e = elevation angle
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relative ground permitivity (15)

m
1]

R
¢ = ground conductivity (12 x 103 mho/m)
€y = permitivity of air
w = 27nf
_ o
X - 'uTe— .
v

" Flg. 33 shows the magnitude and phase of the
reflection coefficient as a function of incoming signal
elevation, for the electric values shown above. However,
only minor changes are produced when other values are used.
From equations (A2.5) and (A2.6) in conjunction with
geometrical considerations, the vertical fadiation pattern

shown in Fig. 34 is obtained.
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APPENDIX 3
DETERMINATION OF THE POSITION AND MOTION OF THE
SCATTERING POINT

A3.1 Location of Scattering Point

The scattering polnt can be located by knowing its
receiving station azimuth and elevation as well as its
transmitting station azimuth. The first two are obtained
with the direction finding systems and the last one from
the amplitude ratio between the signals received at the

two frequencies.
A3.1.1 Determination of Elevation and Azimuth

Fig. 35 shows the geometry associated with the

direction finding, where

P = scattering point
L = receiving station (Delaware)
eNS = angle between incident'ray and N-S antenna axis

108
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eEW = angle between incident ray and E-W antenna
axis
€ = elevation of scattering point
%ngs gy = azimuths scattering point measured from the

N=S and E-W aﬁtenna éxis.

From equation (4.2)

P
2nd

0 = arc cos

and from Fig. 35 it can be shown that
cos eNS = cos oyg cos €
cos eEw = coSs Ceu cos €

also

where a, = 91° = angle between N-S and E-W antenna

Therefore P

cos eNS = CcOoSs aNS ?os €

cos eEw = cos(ao- aNS)cos €

(A3.1)

(43.2)

axes.

(A3.3)

(A3.4)
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from (A3.3) and (A3.4) we obtain

cos(ao -aNS)coseNS

cos 6 =
-EW
cos aNS

expanding

cos eEW = (cosao + sinaotan aNS)cos eNS

solving for aNs

cos eEw - COoS8 aocos eNS

ays= arc tan( " , (A3.5)
sin a cos 6y
from (A3.3)
cos ©
€ = arc cos NS (A3.6)
cos ayq

Equations (A3.5) and (A3.6) define the elevation and

azimuth in terms of known~parameters.
A3.1.2" Determination of Ranges and Height

Fig. 36 shows a spherical triangle on the surface
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Fig. 36 Spherical triangle
defined by prop-
agation path

&
7

~ _—— Meteor region

Earth's center

Fig. 37 Height determination geometry
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of the earth defined by:

0O = transmitting station (Ottawa)
L = receiving station (Delaware)
P = projection of scattering point

also
Q = intersection of transmitting and receiving

antenna axis.

The following angles are known:

LO = 4,58°
QLO = 37.47°
QOL = 47.06°

QLP = receiver azimuth

QOP = transmitter azimuth

also
PLO = QLO - QLP
POL = QOL + POQ.
The projection of the scattering angle is
cos(LPO) = - cos(POL)cos(PLO) + sin(POL)sin(PLO)cos(LO)
let

S = 0.5 (LPO + POL + PLO)
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then
LP _ cos(S-LP0O)cos (S-PLO)
cos =% = “/“ETHTE?ETEIHTFEB7“‘
Similarly

cos QB / cos (S-LPO)cos (S-POL)

2 sin(LPO)sin(POL)

Assuming a spherical earth with radius of 6370 km the
recelver the transmittér ranges are

R, = 6370 LP km

R, = 6370 OP km.

The height of the scattering point can be deter-
mined with the assistance of Fig. 37 which depicts the
great circle conﬁaining the recelving station and reflect-

ilon point,

P.L. = 6370 sin LP sin(90° -¢)
11 sin(90°~ e~ LP)

and the height of the reflection point is

P,L, - 6370sin LP

1 sin LP
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which completes the location of the reflection point.
A3.2 Determination of wind velocity

The wind is assumed to be horizontal and therefore
only tpe component parallel to the horizontal projection
of the blsector of the scattering angle can be observed.
Fig. 38 shows a flat earth approximation for the scatter-
ing géometry which is sufficiently accurate for the wind
calculations, )

The Doppler shift of the received signal results
from variations in the propagation path length (OP1 + PlL)
as a function of time due to trail drift. For a horizontal

displacement PP' of the reflection point we have (Fig. 39),

AOP, = OP; - OP,' = (OP - OP')cos €p = AOP cos e
Similariy

ALP, = LPy - LP;' = (LP - LP')cos €g = ALP cos €r
where

Egs €p = recelver and transmitter elevation angle of

reflection point.
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Fig. 38 Geometry for the determination of wind
velocity
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Therefore the change in propagation path length is

A(OP1 + LPl) = AOP cos Em + ALPcos €R

and from the symmetry in the geometry

AOP,  OLPy _ V] cos LEO
R e

~where |V| is the magnitude of the desired wind component.

Since the Doppler frequency is given by,

d(OP + PL)

Af = + dt Hz
A

the wind component becomes

. AL A
vl =

cosAE%9 (cos € + cos eR)

. (A3o7)



APPENDIX 4
DETERMINATION OF DOPPLER SHIFT OF RECEIVED SIGNAL

Since the conversions in the recelver do not affect
the frequency changes of the received signal, the Doppler
shift can be measured at a low frequency (4500 Hz) by

means of a lock-in amplifier (Fig. 13) consisting of two
phase sensitive detectors into which the converted and a
reference signal are applied (Fig. 40). The received
signal going into the "quadrature" detector is shifted
by 90° as opposed to the one fed into the "in phase"
detector which is not altered. The two systems are
necessary to determine the sensé‘of the Doppler shift
which establishes whether the target under observation
is épproaching or receding.

The output from the phase sensitive detectors

is equal to the product of the two input signals.

Let
A sin wt
and

B sin(mot + a)

118
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be the input and reference signals respectively. In thé
system under discussion wy = W when no Doppler shift

is present, thus ylelding a "non displaced" Doppler output.
Therefore, the outputs from the "in phase" and "quadrature"

phase sensitive detectors are:

Vin ¢ = K [eos{(uw- w )t —a }- cos {(wt+ w, )t + all
3 ‘ _ T .
unad = K [cos{(w- mo)t - 7 -a} - cos {(w+wo)t - 3+ al}]
where K = constant.

Low pass filters eliminate the higher frequency components

leading to
V1n = K cos {(w - mo)t - o}
_ m
unad = K cos {(w - wo)t - 5 - al

which can be represented by the following phasor diagram
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For w greater than W, the phasors rotate counter clockwise
and the "in phase" output signal leads the "quadrature"
output., If wy > w the phasors rotate in the opposite
direction with the "quadrature" output leading by 90°.

It is therefore apparent thét the phase relationship
between the two outputs from the lock-~in amplifier provides

the sense of the Doppler shift,
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Tr
where
Tp
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APPENDIX 5
SYSTEM NOISE TEMPERATURE

noise power generated by a recelver is

P = kT, B (A5.1)

Boltzman's constant = 1.38 x EI.O-23 Joules/°K
receiver bandwidth
noise temperature of the receilver referred to

the antenna terminals and glven by,

P T
T = T o+ &4 GMG + .. (A5.2)
FORF

noise temperature of the antenna feed line
noise temperature of RF amplifier

power gain of the antenna transmission line
(attenuation Ly = éf)

122
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TM = noise temperature of the first mixer and
IF amplifier
GRF = power gain of RF amplifier.

If GRF is sufficiently high only the first two
terms of (A5.2) need to be considered. The noise temper-

ature of the transmission line is,

-1)T (A5.3)

T = (L FP

F F

where

TFP = physical temperature of the transmission

line.

The system noilse temperature is the sum of the

recelve.- and antenna noise tempefature

T =T, + T (A5.4)

SN R A
In the case being considered the transmission lines are
500 feet of RG-8 coaxial cable with a total attenuation of
6 dB. To avoid the degradation of the signal-to—noise
ratio associated with such a loss, antenna preamplifiers

with noise figure of approximately 3 dB and gain of 32 4B
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are inserted at the base of the antennas. Since noise

temperature 1is related to noise figure by

Tpp = (F = 1) T,
where
— o
To = 290°K,.

The receiver noise temperature becomes

|
n

(1.1 - 1)290 + (2.0 - 1).290.1.1
346°K.

The average sky noise temperature at 40 MHz is
about 7000°K (Pawsey and Bracewell, 1955); assuming the
antenna noise temperature to be equal to it, the system

noise temperature TSN is found to be (from A5.4)

TSN = 7000 + 346 =7350°K.



APPENDIX 6
DETERMINATION OF PHASE CONSTANTS OF RECEIVING SYSTEM

A6.1 General

Since the direction of arrival of the receilved
signal is obtained from the absolute phase relatlionship
between the signals arriving at the receiving antennas
(equations 3.2, 3.3‘and 3.4), it is necessary to deter-
mine the constant differential phase shifts added by the
receiving system due to the dissimilarity.between the
various channels. These phase constants are obtained by
dividing the system in two subsystems comprising

(1) complete receilvers

(2) antennas, preamplifiers and transmission lines
leading to partial phase constants wcl and wc2 respectively.

The total phase constant 1s then
‘pc = \Pcl +‘pc2 - . (A6-1)

A6.2 Determination of ¢c1

The phase constants corresponding to subsystem (1)

125
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are obtained directly by feeding signals with known
phase relationship to the receivers in question. The
output phase difference in conjunction with the input

relationship provide the necessary information. It was .

found that
') = 55° (channel 2 leading 3)
cl
NS
Y = 3° (channel 1 leading 2).
¢lew |

A6.3 Determination of wc2

The second phase constant, ch is obtained by
operating the system as a phase switched interferometer
to observe the radio star Cassiopeia A, whose known
position permits a theoretical determination of the
Interferometer output as a function of wc2‘ The actual
value of the phase constant is then found by matching the

experimental and theoretical interferometer outputs,

A6.3.1 Description of Interferometer

In order to operate as a phase switched interfer—

ometer, the system was connected as shown in Fig. 41. The
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components preceeding the coaxial relay are the ones used
under normal operation and the receiver is one of the
siamesed SP 600's whose "diode output" is used to drive a
low speed paper chart recorder via a low pass filter and
DC amplifier. Phase switching is done by means of the
coaxial relay operating at about 1 Hz which switches one
half wavelength in and out of one of'the transmission
lines. Another relay contact operatiﬁg in synchronism,
switches the receiver output between the two low pass
filter inputs. The interferometer was operated for about
two weeks in the determination of each the N-S and E-W

phase constants.
A6.3.2 Brief Theory on Interferometer Operation

Consider the interferometer shown in Fig.l41, The
phase difference between the signals arriving at the two

antennas 1s

v = 2™ gin ¢ (A6.2)

where
¢ = angle between incoming ray and a plane perpendicular

to the interferometer axis.
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In the following analysis 1t 1is assumed that the
two arrays have diverging radiation lobes, which is true
in the case of the E-W pair. The simpler configuration of
coincident patterns (in the N-S pair) is obtained from
the more general case. .

Let E1(¢) and E2(¢) be the normalized gain of
each array as a function of ¢. When the relay is in the
"in phase" (A /2 removed) positlon, the signal amplitude
at the receiver input is (Kraus, 1966)

JO + Vo)
c2 (46.3)

E(¢), = B (¢) + Ey(oe
where

P = unknown phase constant;
c2

The preamplifier galns and transmission line losses have
been disregarded‘because they do not affect the final
result. When the relay is in the "out of phase" position,
the signal amplitude at the receiver input is

W+ T+ Y,,)
E,(¢) + Ey(d)e

JW o+ bey)
E,(¢) - E (d)e (R6.4)

E(¢),
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and the corresponding powers are

P(¢); = EC($); E(4)]

E(¢), E(6).

P(4),

By substitution 1t 1is found that

_J(w+¢02) +

P(e); = IE (812 + |E(8) ]2 + E{(0)E,(0)7e

" 3, 5)
+ E;(8) E,(d)e

=3 (WY, 5)
P(8), = [Ej(6)]2 + [Ex(6)[% - E{(®IE,() e c2

* J(¢+¢02)
- E;(¢) E,(d)e

Due to the synchronism in the switching, the
signal fed to the low pass flilter and recorder is

proportional to the difference in the input powers

P($) = P(¢); - P($),

=3 W+, ) 30+, )
P(¢) = 2E;($)E,(¢) e °2 4 B () E (00" ©2



However, for the arrays in question E(¢) is

real and therefore

*
Eq(9)

*
Ey(¢) = Ey(6)

and

I =3 Chegy)

e

P(¢) = 2E;($IE,(9) (e

4 ($)E, () cos (y+y_,)

By virtue of (A6.1) the output power becomes

P(¢) = UE;(6)Ey(d)cos( 3T sing + v_,)
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(A6.5)

Similarly in the case of the N-S pair, where the radiation

patterns are coincident

P(¢) = LE($)2 cos( %§9s1n¢ + )

(A6.6)

Equations (A6.5) and (A6.6) describe the interferometer

output as a function of the direction of the incident ray
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and system phase constant. Therefore P(¢) = 0 for
2nd _ il —
T‘ Sin¢ + wc2 - n '2— n= 1, 3’ 5’ 0 0 .

and if the arrays were isotropic P(¢) would have
extreme values for

2nd

T" Sin¢ + wcz = n n= 0’ 2’ 4, e oo

Ve

However, due to the directivity of the arrays, this 1s
not true although near the array axls the error is not

very important. Therefore within these limitatilons

2wd

5—sind + ¥, = n n= 0, 1, 2, ... (A6.7)

N

correspond to zero and extreme values of fhe interferometer
output. Consequéntly, the locus for the position of the
radio source that provides either extreme or zero output
from the interferometer lies on a family of cones centered
at the interferometer axis with semli angles equal to a.

. The position of the interferometer axis in
celestial coordinates must be determined so that the

location of the circles produced by the projection of the

cones on the celestial sphere is known. The 1intersection



133

of these circles with the orbit of Cassliopeia A correspond
to the locations of the star that provide the interfero-
meter outputs defined by (A6.7). Fig. 42 shows the
geometry associated with the determination of the points

of intersection.

Fig. 42 Geometry associated with interferometer operation
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where
P = celestial north pole
O = earth's center
PEQ = meridian through receiving station

C = projection of interferometer axis on celestial
sphere

a = semi angle of cone centered at interferometer
axls = BC

B ="point on circle produced by the projection

of cone on the celestial sphere.

In APCB

cosa = cosPC cos PB + sinPBsinPCcos (CPQ-BPQ) (A6.8)

In the case of the N-S axis (section A6.14)

PC = 45,09°
CPQ = 26.76°
Therefore

cose = cos 45.09°cosPB + sinli5.09°sinPBcos(26.76°-BPQ)

Since

a = g - ¢ . (A6.1Q)
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and the points of interest are the intersections with the

orbit of Cassiopela given by
PB' = 31.45°

(A6.9) can be rewritten

coso — cosl5,09°cos31,.45°
sinl5,09° sin31.45°

cos(26.76%BPQ) = (A6.11)

which gives the values of ¥{=BPQ) for the desired inter-
sections. The times corresponding to the various inter-

sections can be found by Cassiopeia's orbital parameters.

A6.3.3 Interferometer Results

A computer program was developed to determine the
times of the events as a function of the system phase
constant (equations A6.7, A6.10, A6.11). It can be shown
that due to the geometry and thg directivity of the
antennas, the radio star could be observed near 1ts lower
transit only, which is in agreement with the experimental

results.
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Figs. 43 and 44 show contours of times of events
as a function of phase constant for the N-S and E-W pairs
respectively. The average times of the experimental
events (normalized to the indicated date) are shown by
the vertical lines. The phése constants can be obtalned
by fitting a horizontal line to the intersections of the
theoretical and ekperimental results. More weight was
given to the zero crossings because they are better
defined and are not affected by the antenna patterns. i
The rather large scatter of the intersection points could
probably be reduced by takiﬁg more measurements, however
it appears that the results obtained are satisfactory on

the basls of the meteor height distribution obtained

using them.
A6.4 Interferometer Sensitivity

The sensitivity of a phase switched interferometer
is (Tiuri, 1964)

T
_ SN
ATmin = 2 75::; (A6.12)
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where:

BHF high frequency receiver bandwidth

T post detection integrator time constant

TSN = system nolse temperature.

Thus the sensitivity of the interferometer can be improved
by increasing BHF and T, however the following limitations
are encountered.

(1) The integration time constant cannot be
increased to a point where it distorts the desired output.
Therefore T must be notably shorter than the period of
' the observed events. A time constant of approximately
one minute was used which is well below the obsérved period
of about two hours.

(2) The RF bandwidth cannot be increased
indefinitely due to two reasons:

(a) Thé'interferometer is used to determlne
the phase constants of the system, which requires an
accurate knowledge of the interferometer lobe structure.
The definition of this structure decreases with
increasing bandwidths. In general it is sufficient for
the bandwidth to be a very small percentage of the center

frequency.
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(b) The use of large bandwidths permits the
reception of undesired signals which render useless the
interferometer output. This 1s by far the more stringent

condition, which led to the selection of a 3 kHz bandwidth.

A6.5 Determination of Celestial Coordinates of Inter-

ferometer Axes

Fig. U5 shows the geometry involved in the
determination of the celestlial orientation of the inter-
ferometer axis.

center of celestial sphere located at the earth

o
.P = north celestial pole
ETQ = celestial equator (Q defines ¥ = 0)
Z = zenith of receiving station (Delaware)
EZPQ = Delaware's celestial meridian
SRN = horizon at Delaware (N = north)
OC = direction of the N-S interferometer axis
OR = projection of 0OC on horizon
OC' = direction of E-W interferometer
Known parameters:

PN latitude of Delaware = U42,86°N

NR azimuth of N-S axis = 18,6°



Fig. U5
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C‘/

Celestial orientation of interferometer axes



NC'? supplement of E-W axis azimuth

CR

N-S axis elevation = 57!

In APNR

cosPR = cosNRcosPN + sinNRsinPNcos90°

Therefore PR = U6°,

Also
sinNPR _ sin90°
sinNR sinPR

Therefore NPR = 26.33°

In ANRC

cosCN = cosRCcosRN + sinRCsinRNcos90°

Therefore CN = 18.62°

and
sinCNR _ sin90°
sinRC sinCN

Therefore CNR = 2.,98°

= 72.4°

14
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In APCN

PNC = 90°- CNR = 87.02°

cosPC = cosPNcosCN + sinPNsinCNcosPNC

Therefore PC = 68 = U45,09° ' (A6.13)
sinCPN = sinPNC
sin CN sin PC

Therefore PCN = ¥ = 26,.76° (A6.114)

Equations A6.13 and A6.14 define the position of the N-8
.Interferometer axis. A similar analysis fpr the E-W pair

yields:
0' = 77.22°

Yy 282.15° = - T77.85°,



APPENDIX 7
ERROR ANALYSIS

AT.1 ‘General

The total error assocliated with the measurements
results from the addition of several error components, one
of which is due tb the noise in the received signal.
Since noise can most easily be treated on an RMS basis,
it is felt that the others éhould also be expressed in
the same terms. Further it 1is suggested that a peak
error analysis would not reflect realistically the
performance of the system, particularly in view of the
rather numerousvénd mostly independent error components
to be considered. The RMS error components were
estimated at the calibration points which were required
regularly as a consequence of the instabilities in the

paper chart recorder used to display the results.

143
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AT.2 Amplitude Ratio

The error in the amplitude ratio is made up of
the followlng components:

(a) Error in chart reading

This error 1s basically due to the thickness of
the line on the chért paper and 1s estimated to be 0.1 d4B.

(b) Calibration errors

Inasmuch as the same generator is used to calibrate
both amplitude channels, the only source of error could
be in the relative signal levels obtained at the various
signal generator attenuator.settings. However since
echoes with amplitude ratios of less than 8 dB were used
only, the error accumulated over that interval probably
does not exceed 0.1 dB. Since fhe calibration levels are
read off the chart, error (a) must again be considered
here. Therefore, the total RMS calibration error is
0.14 aB.

(¢) Error due to chart paper lateral drift

There was a considerable lateral motion of up to
1 cm of the chart paper, which in conjunction with the
imperfectly logarithmic and slightly different amplitude

calibrations of the two channels, leads to an estimated
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error of 0.5 dB in the ratio measurement.

(d) Error due to recorder non-linearity

In order to compensate for the chart paper
lateral motions it was necessary to readjust frequently
the zero reference of the pens. Due to recorder non
linearity, these changes produced variations in the
amplitude calibration of the Individual chanﬁels which
resulted in errors of approximately 0.5 dB in the
amplitude ratio.

(e) Error due to channel cross talk

The cross talk betweén the two channels is in the
order of -30 dB (Fig. 15) which corresponds to an error
of 0.008 dB in the ratio measurement.

(f) Error due to Doppler shift

The bandpass characteristics of the receiver have
rather steep slopes at the two frequencies of interest
(Fig. 15). To minimize the error in the amplitude ratio
measurement resulting from Doppler shifts in the received
signal, the program used to compute the position of the
reflection point includes a correction for the amplitude
ratio as a function of the Doppler shift, based on straight
line tangents to the bandpass chafacteristics at the two

nominal frequencies. Consideping the small Doppler shifts
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that are present, the straight line approximation is quite
sufficient and renders the errors negligible.

(g) Errors due to post filtering receiver

Instability

The post filtering feceiving subsystem was found
to be extremely stable under normal operating conditions
which included complete line voltage and power supply
regulation as well as close temperature ;ontrol.

(h) Error due to noise

As 1is shoﬁn in the following section, the error
in amplitude ratio due to noise for a typical echo with
S/N of 20 dB 1is approximately 0;06 dB.

The total RMS error in the amplitude ratio measure-

ment is given by the sum of the components listed above.

AA

V2(2)2 + 2(0)2 + (2)2 + ()2 + ()2 + (n)2

0.75 @B

;

A7.2.1 Effect of Noise on Amplitude Ratio Accuracy

The predetection signal consists of the desired
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component with envelope amplitude S and noise which beilng

of thermal origin has a Gaussian amplitude distribution.

|
NN| b
al n

1
P(x):-—-—
n /21 o
where

o = RMS nolse voltage.

To simplify the subsequent calculations, an
ideal linear rectifyling detector 1s assumed which is
sufficiently accurate in the amplitude range of the
signals being conslidered. Therefore the detector output
is

S' + n'(x) = |8 + n(x) |
where

Sl

envelope of the detected signal in the

absence of noilse

n'(x) output noise voltage.
It is desired to determine the expectation and
variance of the detector output signal as a function of

the signal-to-noise ratio of the predetection signal. A
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great simplification is achieved if a large S/N is assumed
which 1is true in the case of useful echoes. The expect-

ation of the envelope of the detected signal is

. _x
E( |S + n(x)| ) = — ﬁs+x|e2° dx
/2t o
Changing variables

= X
y [+

2

L

2

E( |S + n(x)| ) = —l-./'s + 0 - a
I n(x) | = _l vyl e y

But
IS+ oyl = S+ o0y fory> - %
s + oy| = -(S8 + oy) for y < - %
S _ S
Also -2l |

Therefore the integral becomes
C .2 2
1 S/N - % ® _%
E(|S+n(x)] ) ——[- J(S+oy)e dy + (S+oy)e dy 1]
oven J S/N

S (AT7.2)
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Therefore for high S/N the mean detector output corresponds
to the amplitude of the desired signal.

The variance of the detector output signal is

Var( |[S + n(x)|) = E( |s + n(x)|)2 - (E(|S+n(x)l))2

The second term is S2 (eqn. A7.2).
Also
- 2 2
E(C IS + n(x)]|)° = E(S + n(x))
= E(s? + 25.n(x) + n(x)2)
=52 4+ 0 + E(n(x)?)
But

E(n(x)2) = Var (n(x)) + (E(n(x)))2 = 62 + o

and therefore

Var(s + n(x)) = 82 + ¢2 - g2 = 42 (A7.3)

and the RMS error is o which is equal to the RMS voltage
of the noise at the detector input. It should be noted
that this result only applies to large S/N.

The RMS error in the amplitude measurement is given

by
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82 + 02

10 log > (aB)
S
which in the case of typlical echoes with S/N of 20 dB
leads to 0.043 dB. Since this value applies to both
amplitude measurements, the RMS error in the amplitude

ratio is 0.06 dB.
AT7.3 Phase Measurements

The following components contribute to the total
phase errors.

(a) Error in chart reading

As 1n the case of the amplitude measurements, this
error arises mainly from the thickness of the line on the
chart paper. It is approximately 3°.

(b) Calibration errors

The two phase generator used to calibrate the phase
channels has an accuracy of 1° which in conjunction with
the error due to reading off the chart results in a calib-
ration RMS error of 3.2°,

(¢) Errors associated with lateral motion of paper

chart are estimated at 5°.



(d) Error due to inter-receiver crosstalk
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The good isolation between the receiver makes

this error negligible.

(e) Error due to noise

It is shown in the hext section that this error is

8° for a typical echo with S/N of 20 db.

The total RMS phase error is

AV = (a)2 + ()2 + (e)2 + (e)2

A7.3.1 Phase Errors due to Noise

The probability density function of the zer»

crossing shift due to the presence of narrow band

Gausslian noise is (Nowak, 1968)

S2sin2¢
4 - =5
S cos ¢ 20
P_(®) = —375— €
n (2w) o '
where
¢ = zero crossing error.

For a large S/N the error is expected to be

lo0.5°,

small.
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Therefore
cosd = 1
sin® = ¢

And the normalized density function becomes

o2
= 2.2,.2

P_(8) = —> e 2078

n (2m) 3 25

which represents a. Gaussian distribution with RMS error

equal to & which for the case of S/N = 20 dB 1is
g = 0.1 rad = 5.7°
3‘ L) - ° °

This error applies to both signals, therefore the total

RMS phase error due to noise is

a_ = /5724 5.7° = 8
The height errors shown 1in Chapter 4 are obtained
by assuming errors equal to 1.5 times the RMS values in

both the amplitude ratio and phase measurements. Approx-

Ml
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imately 86% of the solutions have errors within these
limits, which thus provide a fair measure of the peak

error values.

AT. 4 Wind Measurements

—

The following errors need to be considered:

(a) Error in Doppler period determination

The error in the determination of the Doppler
period on the chart paper i1s approximately 0.2 mm which
corresponds to 8 msec. In the case of the highest Doppler
frequency this error is equivalent to 10% of the measured
wind velocity.

(b) Error due to aséﬁmed reflection point position

For a given wind velocity the Doppler shift is a
function of the-écattering geometry (eqn. A3.7). Therefore
the inaccuracy in the position of the reflection point is
reflected as an error in the wind determination which is
estimated at less than 5%.

(¢) Error due to incomplete Doppler information

A more important source of error is present in the

short duration echoes where incomplete Doppler cycles are
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common. If the available information allowed it, a value
of the Doppler period was estimated which could have
errors of up to approximately 20%. It should be noted
that this error mainly affects the low wind velocity
results., .

(d) Lack of Doppler sense information

In many cases when very fast Doppler frequencies
are present, it 1s impossible to discern the phase
relationship between the lock-in amplifier outputs. In-
asmuch as the knowledge of the wind direction is indis-
pensable, the echoes that presented this problem were
discarded.

It is therefore estimated that the peak wind
velocity error due to system limitations is about 35%,
however average errors are expected to be considerebly
less. In addition, errors resulting from the nature of

the measurements are likely to be much larger (section 2.4),



APPENDIX 8
CIRCUIT DESCRIPTIONS

A8.1 General

The block diagram of the receiving system shown
in Fig. 13 is reproduced in Fig. 46 for convenience. The
first two conversion stages are part of Hamarlund SP 600
communications receivers. Common local oscillators are
usea throughout to preserve the relative phase difference
between the signals at the various channels., The lock-
in amplifier is a Princeton Applied Research Mod. JB-6

unit.
A8.2 Third Conversion Stage

The second intérmediate frequency signals are fed
to converters as shown in Fig. 47 which includes a source

follower that applies the converted signal to the subsequent

155
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filters. As can be observed in Fig. 46 channel 1 and 3
require the 5.0 kHz notch filter only (Fig. 48), whereas
channel 2 must provide both frequencies, thus necessitating
two source followers driving the two notch filters.
Independent gain control is achieved by means of the 15
kilohm potentiometers.

The second source follower shown in Fig. U7 is an
isolation stage between the loca1~osc111a£or and each of

the third converters.
A8.3 Post Filtering Amplifier and Detector

After filtéring the signals are amplified (first
stage in Fig. 49) and fed into the phasemeters. In the
case of channel 2 the signals are subsequently detected
(second stage, Fig. 49) in order to obtain the desired

amplitude information.
A8.4 Threshold Detector for Time Signal Disabling

Inasmuch as six channels are available on the
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paper chart and seven information channels must be
displayed, the time signal which is not necessary on
a continuous basis 1is disabled when a signal
exceeding a certalin amplitude 1s detected and in its
stead the E-W phase information is recorded.,

Flg. 50 depicts the threshold detector. The
4,5 kHZ signal from channel 1 is applied to an amplifier
followed by a peak detector that drives a comparator.
The gain of the amplifier is controlled by the 10 kQ
potentiometer and the threshold level by adjusting the input
offset voltage of the comparator (5kQ potentiometer).
The comparator output is amplified in 6rder to drive the
reed relay that switches the recorder between the time
and phase information signal. A switch ;s provided which
forces the relay to feed the phase signal to the recorder

in order to perform the necessary calibrations.

A8.5 Phase Meters

The phasemeters consist of an amplification stage

for each channel followed by clipping circuits whose
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outputs are fed into the R and S inputs of an edge driven
flip-flop which thus produces a pulse width modulated output
with duty cycle (and therefore DC component) proportional

to the phase difference between the input signals.

Fig. 51 shows the amplifiers. They are non
inverting with a voltage gain of 10. Provision is made for
the shifting of one of the signals (A) by 180° by means
of an inverter (first stage in Fig. 51). The outputs
of the amplifiers are fed into comparators which can be
adjusted for zero offset with the 5 kilohm potentiometers.
The comparétbr outputs are differentlated and rectified
before being applied to the flip-flop which thus operates
on the positive going edges of the comparator outputs (Fig.52).
The signal from the flip-flop is subsequently amplified to
a suitable value for display on the chart recorder which
due to 1ts inherent response time follows the average

value of the pulse train.

A8.6 Power Supplies

Fig. 53 shows the + 12 and - 12 Volt regulated
power supplies necessary to operate the circuits previously

described.
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