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ABSTRACT

This report deals with instrumentation developed
to record the complex amplitude distribution of pulsed
radio waves after reflection by the ionosphere. The method
of recording has as its basis a semiconductor switch which
provides rapid scanning of six antennas placed in & linear
srray. Although observations are currently being made
visually with film recording, provisions have been made for
changeover to & digital recording method for analysis by a
high speed computer,

Complete descriptions of the various parts of
the equipment are given, and preliminary results obtained

by the visusl method are shown.
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CHAPTER I
INTRODUCTION

Radio waves observed after reflection from the
ionosphere exhibit fluctuations in amplitude and phase. A
large body of investigations, which will be treated shortly,
indicates that these fluctuations are caused by patches of
ionization which are more dense than the ambient level of
the surrounding ionosphere. A form of representation of
this dense patch of ionisation or irregularity is a thin
screen which alters the amplitude and phase of a radio wave
passing through it. If the wave incident on the screen
were a plane wave, before passing through the screen the
equiphase points or wavefront would be a straight line.
Upon emergence from the screen, the wavefront would be a
random curve. Because of diffractive changes, the form of
this curve varies with distance from the screen. The wave-
front observed on the ground corresponds to the diffraction
pattern of physical optics.

Any study of the nature of ionospheric irregulari-
ties by ground based radio transmitters and receivers must
include, therefore, an analysis of the diffraction pattern.
This pattern can be measured by a number of receivers whose
separation is sufficiently large to resolve the structure
of the wavefront. The wide aperture, high directivity,
scanned antenna array, to be described in this study, pro-

vides a ready means of studying the diffraction pattern.
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A. PREVIOUS RELATED STUDIES

Ratcliffe and Pauseyl

observed the amplitude ;lnc-
tuations of ionospherically reflected waves with spaced re-
ceivers. They found that the closer the receivers were to
each other the more similar were the amplitude variations,
and the farther away they were the more dissimilar. They
suggested that the amplitude differences between antennas
were caused by diffraction and that the fading or fluctua-
tion was caused by a motion of the diffracting irregularity.
Pauaey,2 using 8 spaced receiver method, made the first
measure of the speed of an irregularity. He meaau?od the
time difference between related maxima at two receivers a
known distance apart and from this computed the drift veloc-
ity of the irregularity in the ionosphers. Ratcliffe,’
basing his theory on the mathematical analysis of random

N

noise by Rice,” compared the fading of reflected radio waves
to the problem of passing random noise through a filter.
Booker, Ratcliffe and Shinn5 analysed the diffraction ef-
fects produced when a plane wave is incident upon a dif-
fracting screen which is irregular in the horizontal direc-
tion. They also related the diffraction pattern to a gen-
eralised spatial sutocorrelation function which is invariant
with distance from the diffracting screen. Booker and

6 related the concept of an angular spectrum of plane

Clemmow
waves to the polar diagram of sn antenna and to the distri-

bution of waves emerging after diffraction at an aperture.
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Briggs, Phillips and Shinn’ developed a method for taking
into account the effects of drift and random velocity by
sutocorrelstion analysis.
Branloye developed the theory of a random cone of

L

downcoming waves employing methods introduced by Rice™ for

the analogous problem of time varying noise. He also der-
ived expressions particularly suited to analysis of direc-
tion finding errors. Houiah,9 basing his analysis on radio
star scintillations, discussed the problem of a radio wave
passing through a thin phase changing screen. In a later

10

paper Hewish developed the thiory for determining the

height of irregularities from observations of the amplitude

11

and phase of extraterrestrial radio waves. Fejer deduced

the angular spectrum produced when a wave passes through a
thick medium containing weak irregularities of electron den-
sity with a two-dimensional Gaussian autocorrelation func-
tion. For the case of weak scatter by the medium, the amp-
litude of the signel a long way from the screen was shown
to have a displaced Gaussian probability distridbution. PFor
the case of strong scatter the amplitude of the signal at a

great distance had a Rayleigh distributiocn. Bramley12 ar-

1

rived at a result identical to FoJerl by assuming the me-

dium to be a single, thin, deeply modulated phase screen of

the type treated by Hoviah.”lo

3

Jones, Millman and
lortnoyl attempted to locate the region in the ionosphere

in which the irregularities causing the fading of 150 ko/s



-l-
radioc vaves are situated. Assuming that the irregularities

are below the level of reflection and asssuming that the

£ield below the irregularity is the same as the field at the

ground, the ratio of amplitude to phase change measured at
the ground dotoruihoo the height of the irregularity through
the known variation of collision frequency with height.
Beuhilllh considered the fading of radio waves between 16
and 2400 ko/s. Bxperiments based on vertical incidence mea-
surements at 70 and 85 ke¢/s indicated that the diffraction
offects were different for different frequencies.
latcliff015 summarised existing papers relevant to the field
of diffraction in the ionosphere.

lonlton16

measured phase changes of a pulsed radio
signel at 75 kc/s incident vertically on the ionosphere. He
developed a method of phase comparison for pulsed signsls
which is basic to the phase measuring components of the wide
aperture antenna system descridbed in this study. Pittl‘l’17
investigated the scattering of a wave which accompanies re-
flection from a stratified ionosphere containing weak irre-
gularities. He assumed that the irregularities are confined
to & thin layer near a given height and examined the possi-
bility that increased scattering might be brought adbout if
the height of the layer were near the height of reflection
of the wave. This was not found to be the case.

118

Bowhil considered the scattering of an electro-

magnetic wave by a continuous medium containing three-
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dimensional random inhomogeneities of refractive index.
The form of the angular power spectrum was derived for the
case of anisotropic scales of the inhomogeneities in the
three aspace directions. In a later paper Bouh11119 devel-
oped the mathematical tools for studying the statistical
properties of a random signal diffracting in free space.
Hargreaves,zo using spaced receivers and monitoring ampli-
tude and phase fluctuations at 16 kc/s after reflection
from the ionosphere, deduced that the ionosphere modulates
the phase rather than the amplitude of the wave. Moreover,
he found that a model of the ionosphere in which the re-
flection coefficient is constant and the height of reflec-
tion fluctuates conformed with observed fluctuations at

the ground.

B. STATEMENT OF THE PROBLEM AND DEFINITION OF TERMS

- The specific problem to be solved in this study
is the development of a technique for studying the angular
spectrum of ionospherically reflected waves. The angular
spectrum, which will be more fully discussed in Chapter IV,
is produced when an electromagnetic wave passes through a
thin diffracting screen. It is defined as an aggregate of
infinite plane waves traveling in all directions. Each of
the component waves travels in its own direction independ-
ently. At any plane parallel to the diffracting plane the
components of the angular spectrum arrive with phase dif-

ferences depending on their direction. The wave assemdly

o
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adds to form a distridbution of complex amplitude which is
different for each plane.

Diffraction may be defined, therefore, as the
interference effect produced by spreading electromagnetioc
waves in free space, and the diffracting screen may be de-
fined as any disturbance which gives rise to these effects
when intorpoood between the source of the wave and the obdb-
server.

In physical optics two types of diffraction are
commonly discussed: Fresnel and Fraunhofer diffraction.
The transition from one type to the other is a function of

the distance of the observer from the diffracting screen.

2
Spociticclly,zl distances less than 3%—, where D is the

horisontal extent of the diffracting screen and )\ is the
wavelength of the incident radiation, are within the Fresad

2
region. Distances from the screen greater than 3%— are

within the Fraunhofer region. The wavelength of the dif-
fraction pattern deing investigated by the technique des-
cribed in this study is 1 km. A measurement of the pulse
delay encountered in reflection from the ionosphere indi-
cates that the height of reflection is about 100 km. Assum-
ing that the irregularities acting as diffracting screens
are below the height of reflection and that their horisontal
dimensions are on the order of 5 km, the expression above
indicates that the diffraction problem is a Fraunhofer dif-

fraction problenm.
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Because it serves as a firest principle approach
to the concept of an angular spread of waves emerging from
an irregularity after a plane wave is incidont upon 1it,
geometrical optics will also be discussed in Chapter 1IV.
Geometrical optics is that branch of physics which treats
an electromagnetic disturdance as if it were composed of
rays diverging in various directions from the source and
abruptly returned after reflection or refraction from a sur-
face. In short, geometrical optics neglects the wavelength
of the wave being studied. Obviously, the existence of
diffracting or spreading effects as well as scattering
tends to invalidate the ray approach when the incident wave-
length is on the order of the dimensions of the disturbing
body. Scattering, on the other hand, is a randomisation
brought about by reflection from a rough surface.

Diffracting acreens may produce amplitude, phase,
or amplitude and phase variations on an incident plane wave.
In this study consideration will be given only to shallow
amplitude and phase screens. According to one defini-
tion,lh a8 phase screen is deep or shallow depending on whe-
ther the phase excursion is substantially larger or smaller
than one radian. There is an equivalence between a shallow

samplitude and a shallow phase scoreen.
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CHAPTER II
BXPERINENTAL INVESTIGATION

This study is concerned with certain aspects only
of the design of the scanned antenna system. However, for

convenience the entire system will be descrided.

A. APPARATUS

The primary considerations in the design of the
wide aperture, high directivity, scanned antenna array aret

1. the overall antenna system must be capable of a
rapid scan of all antenns elements and be suitable for use
at long distances;

2. the system must provide a measure of the amplitude
and phase of the signal at each antenna as well as the
sense of the phase variations;

3. the amplitucd>y and phase display must be readily
eonvertidble to digitisation for analysis by a high speed
digital computer;

k. the system must de insensitive to local climatic
variations.

The two elements of the scanned antenna system
developed as part of this study are a semiconductor switch
and a so-called "stairstep generator". These elements will
be described first. In addition, a device was developed to
adapt the switched antenns system for continuous recording

of the phase of the received signal at all antennas.
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The rapid scan of antenna elements is accomplished
by the use of a semiconductor switch which was designed and
developed as part of this study. The basic switeh unit is
shown in Pigure 1. A bias voltage of approximately 10 volte
is applied to !3, which maintains diod; Dz in a state of
eonduction for the case when no positive voltage is applied
to diode Dl' When a positive voltage is applied to Dl’ the
eurrent across 22 increases until the voltage drop there is
sufficient to counter the voltage across 33. At this point
conduction of D2 ceases. The resistive path defined by the
series connection of D1 and D2 is thus seen to vary from a
maximum to a minimum and then to a maximum. In effect this
series path executes an "on-off" sequence equivalent to that
of a conventional switch. For the "on" period a low imped-
ance path exists for the signal from the antenna and pre-
amplifier to the receiver.

When the first antenna is shut off due to the
high impedance of Dz, because of the series arrangement of
the switches as shown in Figure 2, switch unit number two
begins the same "on-off" cycle. It should be noted that D1
in the first unit maintains a low impedance path which, in
conjunction with the low impedance of the diodes in unit
two, again provides a path for antenna number two into the
receiver. Similarly when D1 in each unit is started into

conduction, it maintains this conduction for continuomnsly

incressing positive voltages and provides a low impedanse
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12w
path for subsequent switch cycles. Referring again to
Figure 2, the switching operation entails six "on-off"
srrangements using identicsl components and connected as
shown. |

The transistor preamplifier shown in Figure 1
serves two purposes. First it raises the received signal
above the noise level encountered along the shielded feed
lines; second it provides a ready means for adjusting the
relative amplitudes of the received signals to allow for
attenuation along the line and to allow for slight disecre-
panciﬁo in part selection.

If a positive voltage which increases continu-
ously is spplied to the semiconductor switch arrangement,
each of the six antennas will be sequentially ssmpled indi-
viduslly. The only requirement is that the total switching
voltage be larger then the total bias voltage. The first
switching method that suggests itself, therefore, is a saw-
tooth voltage such as that which is available from the
horisontal sweep circuits of oscilloscopes. This method
was investigated, but it was found to have an inherent
shortcoming. Since the gate operation of the switch does
not describe an instantaneous "on-c.f" cycle with a constant
impedance for the "on" time, minor changes in the repeti-
tion frequency of the received signal would change the posi-
tion of the signsl in the gate and change its amplitude
independently of ionospheric chsnges. This shortcoming
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results because the sawtooth voltage once started on one
pulse of a train is insensitive to subsequent changes in
the pulse spacing of the train.

A device was thus needed which would provide a
constant voltage for a period of time sufficient to receive
the pulse and which would be insensitive to minor variations
of the pulse repetition frequency. This problem was solved
by the design of a device named a “"stairstep generator".
The purpose of this device is to produce a succession of
equal voltage steps each of which lasts the same period of
time. Referring to Figure 3, the tubes Vl, v2 and 73 are
trigger and delay circuits which provide the input to a
Miller integrator, tube V7, through the connecting diode
vh. The delay output is such that each step of the train
exactly brackets the received signal in time. For the six
antennas six steps are required. The recycling of the
stairstep generator is accomplished by means of a delay
gate linked to the oscilloscope sweep. At the end of each
svweep the gate is applied to the cathode follower VS which
in turn feeds the dual diode V6. The action of the diode
discharges the capacitor on the input of the Miller integ-
rator 77 and allows the unit to perform another cycle.

Although the semiconductor switching arrangement
is the basic unit of the wide aperture, switched antenna
system, there are associated units necessary for the record-

ing scheme. A simplified disgram of the various units and
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their interdependence is shown in Figure k.

The 27 mc/s receiver is the basic synchronisation
unit of the antenna system. The 27 mc/s receiver output is
a train of pulses with a pulse repetition frequency of
12/sec. The 300 kc/s pulse transmitter of the Ionosphere
Research Laboratory, which is located at Scotia, is trig-
gered by the same unit which produces the 27 mc/s synehroni-
sation pulses. However, the synchronisation pulses are
transmitted approximately 50 microseconds before the 300
ke/s pulses so that the ground pulse and echo both appear
at the beginning of an oscilloscope sweep. The phantastron
unit, which 4is fed by the output of the synchronisation re-
ceiver, rojects spurious interference and noise from the
27 mc/s receiver output and provides a clean trigger for
subsequent functions.

The stairstep generator has already been dis-
cussed; however, the unit marked "low impedance" at the
output of the stairstep generator has not been discussed.
It will be noted, however, that this unit supplies the
stairstep impulses to the switched antenna. This impedance
generator, designed by S. A. Bowhill of the Ionosphere
Research Laboratory, is required for coupling because of
the relatively high currents used in switching. It also
supplies a ready means of ad justing the stairstep level so
that the voltage is sufficient to operate all of the units

of the switched antenna systenm.
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If multiple echoes are present after reflection
from the ionosphere, a method must be available for rejec-
tion of the unwanted ones before photographing. The inten-
sity gate provides such a method. It consists of delay
multivibrators which provide a 300 pusec pulse to be applied
to the cathode of the recording oscilloscope at the time
the echo appears. By reducing the intensity of the oscil-
loscope, only the selected echo is visible for photograph-
ing. This brightening gate also has an application in the
phase analyszing unit to be discussed in a subsequent section
of this chapter.

The 300 kc¢/s receiver employed in the suitched
antenna system was designed by P. A. Chiavacci of the Iono-
sphere Research Laboratory. It is a superheterodyne re-
ceiver employing three radio frequency stages at 300 ke¢/s
and a mixer and three intermediate stages at 1400 kc/s.

The bias supply is a Lambda power supply model 71,
which delivers approximately 50 ma at 30 volts under normal
operating conditions. It has a vernier on the voltage ad-
justment for minor changes of the switch operating voltages.

The timing center is a 20 rpm motor which operates
a microswitch. This in turn supplies the necessary impulses
to advance the film and switch the sampling from amplitude
to phase at the unit labeled "switch". The recording camera
is 8 Cossor camers modified by the addition of a pulse motor

on the f£ilm advance shaft. This allows a snspshot form of
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recording. Since the recorded signal voltages vary some-
times very rapidly, a small horigsontal shift is imposed on
the oscilloscope trace as the film 4s advanced. At the
next film advance the trace returns to its original position
and the cycle then repeats. This prevents the recorded
signals from running into each other.

The method of operating the equipment and mea-
suring amplitude variations at the antennas as a function
of time will now be described. With all units turned on,
the bias voltage should be ad justed to 30 volts. A fluc-
tuation of the current indicator on the bias supply of ap-
proximately + S ma about the 50 ma mark indicates that the
stairstep generator is coupled into the line. The period
of fluctuation of the meter is that of the oscilloscope
sveep which is 500 m sec. The stairstep output may be moni-
tored at the output of the low impedance unit by a test
jJack at the front of the unit. The gain adjustment of this
unit, also located on the front of the chassis, should be
adjusted so that the stairstep output is about S volts per
step. The delay gate control on the oscilloscope should
then be adjusted so that the stairstep recycles after six
steps.

At this point the output of the receiver can bde
monitored. With maximum receiver gain the noise output ap-
pears as 8ix discrete portions corresponding to the six an-

tennas. If, at this time, a 300 kc/s CW signal is applied
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to the positive bias wire shown in Figure 2, it serves as
an sntennas; and the receiver output now consists of six im-
pulses of varying height each as wide as the "on" time of a
single step.

The system is now ready for recording. After
turning the CW signal off, the oscilloscope sweep period is
decreased so that one ground pulse and the sky waves can be
observed. An integral part of the low impedance generator
is a variadle voltage which can be used to sample any of
the antennas. Usually it is set to sample antenna number
1l at this time, and the intensity gate is adjusted so that
only the selected echo is visible when the intensity is
turned down on the oscilloscope. When this is done, the
sweep rate is returned to 500 m sec, and the low impedance
gonerator is switched to couple the stairstep to the
switches.

Across the face of the scope six impulses should
appear which correspond to the signal asmplitudes at the six
antennas. The timer unit is then activated, and a record-
ing is made of the time variastions at each antenna. WNor-
mally the records of the first night are used to adjust the
individual preamplifiers. By averaging the outputs at each
antenna for a long period of time the correction factors
necessary to equalize the individual gains are obtained.
These corrections can be made readily by means of the gain

control on each presmplifier. MNormally one such adjustment
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is satisfactory for the 1life of the battery in each unit.
Operation periods of two months and longer have been used

with goed results. A typical field antenna unit is shown
in Pigure S.

B. PHASE ANALYZING SECTION OF THE SWITCHED ANTENNA SYSTEM

The method of detection of phase ypriationo with
the wide aperture, switched antenna system 1l\lilillr to
that employed by Bonaton.16 In this method the voltage of
an oscillator is phase locked to the ground pulse at a fre-
quency lover than that of the echo. The echo is then mixed
with this oscillation, and the phase changes appear as in-
terference fringes which are displaced in time with changing
phase of the observed sky wave. This method is equivalent,
for example, to the use of two closely spaced wavelengths of
light in a Padbry-Perot interferometer.

The fringe display method is unsuitable for use
in the switched antenna system because of the requirement
that the display be readily adaptable to digitisation. An
alternative method is to phase lock a burst of oseillation
at the same frequency as the echo. When the echo is mixed
with this burst, phase changes will appear as changes in
amplitude about the level of the locked oscillator.

The method of phase detection is shown in Figure
6. The amplifier and blocking oscillator are fed by the
phantastron output and supply the trigger for a do;qy malti-

vibrator. The delay is necessary because the
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synchronisation pulse leads the ground pulse by approxi-
mately 50 usec. The one-shot multivibrator has a negative
output pulse, 900 usec long which gates a 1400 kc/s oscil-
lator. The output of the superheterodyne receiver is ap-
plied to two places. First the echo is gated by the inten-
sity gate pulse previously described, so that only the
ground pulse phase locke the triggered oscillator. If the
gate uero‘not used, when the echo gets large it would also
phase lock the oscillator and defeat the purpose of the
experiment. The ground pulse and echo are then mixed with
the phase locked oscillator and detected. To provide a
measure of the sine and cosine of the phase angle a 90
degree phase shift network is activated on alternate scans
of the antenna system. This serves to indicate the sense
of phase variations and provides a measure of the relative
phase angle. The theory of its operation will be discussed
in Chapter I1II.

The detected output pictured in Figure 6 shows an
*"in phase" condition for the echo. As the phase of the
echo changes through 180 degrees, the echo will appear as a
subtraction from the fixed level of the detected oscillator
output.

The recording sequence for one complete sample of
the complex amplitudes of the asntennas is: amplitude,
phase (phase shifter out), amplitude and phase (phase shift-
er in). The timing unit and switch shown in Figure UL
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sccomplish this sequence.

A schematic of the phase analysing unit is shown
in Figure 7. Tube Vh is the amplifier and blocking oscil-
lator which triggers the delay multivibrator Vs. The delay
multivibrator subsequently triggers the one-shot multivi-
brator V6. The phase coherent oscillator consists of V2
and v7. This is a cathode coupled negative resistance cir-
cuit which controls the tuned circuit Th' The tank circuit
Th is essentially short-circuited when V, is in the rest

7

position. This tube V_ acts as a gate which is unclamped

7
by a negative signal from v6.

The secondary of Th ia.centertapped and provides
two signals 90 degrees out of phase. These two signals are
applied to the grids of the identical cathode followers of
v3, and the outputs are alternately sampled for mixing with
the echo. The 90 degree phase shift is checked by sampling
both outputs on a dual-channel oscilloscope.

The IF ﬁignal is fed to V1 on the screen grid,
and the intensity gate, a negative pulse, is fed to the
control grid for echo suppression. The output of V1 is
then used to phase lock the oscillator. The mixing of the
phase locked oscillator and the echo takes .lace in tube
Vg

All normal ad justments of the phase analysing

unit can be made by controls located on the front panel of

the unit. Preparation for recording is accomplished bdy
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visual monitoring of the phase unit output on the recording
oscilloscope. The position of the phantastron input contral
is such that the blocking oscillator is just triggered.

The amplitude of the local oscillator is ad justed so that
the detected output as shown on Figure 6 is about S5 volts.
The local oscillator frequency is adjusted at ‘1‘h so that the
echo appearing on the detected output has a Gaussian enve-
lope without interference fringes of the kind described
above. Slight variations in frequency about the center fre-
quency of 1400 kc/s then cause the echo to undergo an appar-
ent phase shift of 180 degrees or cause the detected output
to reverse in sign.

The level of IF signal necessary to phase lock
the oscillator can be determined as follows, As the IF
level is reduced, the detected ground pulse suddenly starts
to change amplitude in a rsndom manner, indicating loss of
phase lock. An alternative method is to remove tube Vl.
This removes the phase locking signal, and fluctuations
take place corresponding to the difference in complex volt-
age between the oscillator and the ground pulse.

Under correct operating conditions the ground
pulse, being the phase reference, appears as a steady sig-
nal imposed on the pulsed oscillator. The echo, on the
other hand, undergoes gradual chenges from positive to nega-
tive and back as the phase path of the sky wave changes.

Comparing the origzinal specifications of the
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switched antenna system with the working system it is found
that all reouirements stated at the beginning of the chap-
ter have been met. First a rapid scan is achieved by means
of the semiconductor switch arrangement; in fact, all antennss
are scanned in 0.5 sec. The system operates with a spacing
of 180 feet between antennas and, including supplementary
feed cables, extends about 1600 feet oversll. A portion of
the antenna is illustrated in Figure 8. In further work a
line of six antennas was constructed with a spacing of 900
feet between antennas, covering a total distance of about
7000 feet including supplementary feed cables. This ful-
fills the requirement that the system should operate with
wide aperture. A measure of the amplitude and phase at
each antenna, as well as the sense of the phase variations,
has been provided. Moreover, the method of detection is
readily adaptable to digitization. All components of the
system are relatively insensitive to climatic variations.
The switching diodes are silicon and not subject to varia-
tion with temperature over the local range which has been
encountered. The preamplifiers have demonstrated the
ability to operate for long periods in all seasons with

minimum maintenance.
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CHAPTER III
EXPERIMENTAL RESULTS

A, REDUCTION OF RECORDS

A typical section of record taken with the wide
aperture antenna system is shown in Figure 9. 1In succes-
sive intervals of three seconds the following parameters
are measured: amplitude, in-phase component, amplitude and
quadrature component. The time for each sample could be
shortened by a factor of three, but the fade periods are
easily observable with a three second sample, and the extra
time for photographic integration gives superior records.

The analysis of the amplitude portions of the
record proceeds as follows. Using a 35 mm desk projector,
the pulse lengths are measured with a scale suitable to
cover the range of amplitude fluctuations over the sample
time. The amplitudes are then plotted as a function of
time for each antenna, as shown in Figure 10. In this dia-
gram the various amplitudes have not been normalized. That
is, no compensation has yet been made for preamplifier gain
differences and line attenuation.

It is apparent from comparison between the ampli-
tude variations at each antenna that there is a high degree
of correlation between close antennas and that the correla-
tion decreases with increasing separation of the antennas
being compared. Since the various maxima and minima are

related, if the antenna array were planar instead of linear,
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a measure of the temporal displacement of related fluctua-
tions would give the drift velocity of the irregularities
causing the fluctuations.

The scaling of the phase records is also simple.
A reference line was provided on the oscilloscope display
which appears as a white spot on the film. The magnitude
of the excursion of the display from this reference gives a
measure of the in-phase and quadrature phase components.

For each antenna it is necessary to measure the
pulse height and its sense for the two cases when the phase
shift network is active and inactive. Since the phase shift
activation increases the phase of the sky wave by 90 de-
grees, the phase angle at each antenna can be determined
by the following procedure.

Assume that the phase excursion when the phase
shift network is inactive, given b}

A =R sine, (1)

wvhere R is some constant or function of the adding circuit.
Then since .
81n(4+90°) « cose, (2)
it Al indicates the phase excursion with the phase shifter
in then
Ao R sin
vl g—ggg% = tané; (3)

or, conversely, the phase angle is given by
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Ao
é = arc tan II. (L)

The ratio of the two phase components is thus a
nessure of the phase angle of the received wave. The quad-
rant in which the angle lies can be determined from the
sense of the phase components. For example, if the intro-
duction of the phase shift results in a positive signal as
previously defined and if the original signal was positive,
then the'angle lies in the first quadrant since the phase
shift is a lead. Similarly, a change from positive to nega-
tive indicates the second quadrant, negative to negative the
third end negative to positive the fourth quadrant.

The results of this analysis are shown in Figures
11 and 12 for the phase records taken with the amplitude
records of Figure 10, The time scales for the phase and

amplitude variations are the same.

B. THE WIDE APERTURE ANTENNA AS A DIRECTION FINDER

A detalled statistical study of records obtained
with the wide aperture antenna system is beyond the scope
of this study; however, if the antenna system is treated as
8 phase sensitive direction finder, the angle of arrival of
8 specularly reflected wave can be determined. From geo-
metrical considerations the angle of arrival should be 2
degrees from the vertical.

A phase sensitive direction finder compares the

phase of two or more signals at antennas located a known
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distance apart. PFor an ionospherically reflected wave an=-
gles of arrival different from the vertical will cause a
phase shift at each antenna relative to the first antenna.
The magnitude and sense of the relative phase shift depends
on the magnitude and sense of the angle of arrival.

The geometry of the transmitter and switched an-
tenna locations is shown in Figure 13. The half-wave folded
dipole at Scotia radiates the ground wave with a magnetic
field wave normal inclined 28 degrees to the direction of
the switched antenna array. Since the transmitter is lo-
cated 5.5 km from the switched antenna and the height of
reflection of the wave is approximately 100 km, the refer-
ence angle for specular reflection is 2 degrees from the
vertical.

If the angle of arrival of the sky wave is denoted
by Oa,and 01. and 02. are the phase angles, respectively, of
the first and last antenna in the line, then

T (5)

where d is the separation distance of the two antennas, and
A\ is the wavelength. Similarly if 08 is the angle of arri-
val of the ground wave and 01"lnd 02‘ are the reclative
Phase angles at the first and last antennas due to the

ground wave, then

4 = % " 3§1 cose . (6)

Subtracting (6) from (5),



Cornrn amom

TRANSMITTER AND SWITCHED ANTENNA GEOMETRY

FIGURE 13



" -38-
(023"23)' (‘1'-.18) - 3§£ coaes-cosoé] . (1)

The difference of the two quantities on the left
side of equation (6) can be readily determined by the mea-
surement of the relative phase difference along the line
for echoes received from a quiet ionosphere. The records
chosen are shown in Figures 1L, 15 and 16. Aside from two
marked deviations, the first portion of the amplitude re-
cord for antenna one and subsequent antennas shows a fairly
shallow fluctuation with time. The relative phase differ-
ences along the line were calculated for this period, and
the results are shown in Figure 17. The beginning of this
time plot corresponds to the beginning of the amplitude and
phase plots, and the time scale is the same. Since this
phase difference ranges from zero to 10 degrees, if this 1is
substituted in the left hand side of equation (7), the
angle of arrival of the sky wave must vary from L9 degrees
to 59 degrees from the vertical. For this computation )\ is
l km, d 18 0,275 km and 98 is 62 degrees.

The angle of arrival as computed from (7) is much
greater than the expected value of approximately 2 degrees.
This may be due to false assumptions about the specular
reflection of the sky wave. The fault, however, appears to
lie with an anomalous propagation of the ground wave,

Tests have been made to determine the angle of arrival of

the ground wave at each antenna, and it was found that
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generally the angle of arrival was different at different
heights on the supporting poles. In particular, the cate-
nary supporting the necessary bias and shielded cables ap-
pears to affect the angle of arrival greatly. A method of
overcoming this deficiency will be discussed in Section A
of Chapter V.

C. COMPARISON OF RESULTS WITH OTHER WORK

If the angular spread of phase differences of the
sky wave measured at the switched antenna array is treated
&8s an angular spectrum, a comparison of the structure sise
of the irregularity causing the spread can be made with
previous measurements at the same frequency.

Bouhilllh showed that the angular power spectrum
emerging from an irregularity is given by

2,2,2

W_(8)oc exp{- 222 S_ (8)

n 22
where D is the structure sise, and S is the sine of the
angle between the wave normal and ithe vertical. For a
Gaussian autocorrelation function the size of an irregular-
ity is specified when the Qaussian drops to 0.61 or

2’pls? g (9)
A

This gives a value of D,

D = xiy. (10)

The average angular deviation for the period shown in
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Figure 17 is approximately 5 degrees. If D is computed
from (10) where X = 1 km and S = 84n5°, then D is 1.8 km.
Luz2 in a separate measurement of structure
sises at 300 kc/s has found initially that the structure
size is 3 + 1 km. The result determined by the wide aper-
ture switched antenna system is compatible with his find-
ings. Further work is necessary, of course, in obtaining
and reducing records before full credence can be placed in

the results of the above analysis.

o —— o
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CHAPTER IV
THEORBTICAL CONSIDERATIONS AND DISCUSSION

A. PRAY THEORY

As a first method in the investigation of effects
produced by an irregularity on incident radiation, geo-
metrical optics will be employed. By definition this
branch of optics is characterised by neglect of wavelength
or is a treatment of propagating electromagnetic distur-
bances as rays not subject to scattering or spreading.

This limiting case of optics may be treated in
terms of the first order Maxwell equations. In regions

free of eharges and currents these are:

curl H ¢+ 1k ¢E = O, (11)
curl E - ik wh = O, (12)
div ¢E = O, (13)
div uH = 0, (14)

Here the relations D = ¢E, B = ui and k_ = o/c = 21/10,
where lo is the free space wavelength, have been used.

A homogeneous plane wave in a medium of refrac-
tive index m = \ep may be represented in a very general

mannev by
B - no(r).ikoP(r,G) H e nl(r)‘ikoP(r,O)’ (15)
where P(r,0) is the optical path in terms of two spherical

coordinates, (r,0) and E, and H, are functions of position.

Using vector relations for curl and divergence, the
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equations (15) become
curl H = Eurl H1+1k°(¢ud P!Blao““p (16)

a1v Wl = [udiv B, + () -grad u) + 1k (ull, -grad Pﬂo“‘op, (17)

curl E = [curl El

+ 1k (grad PXEl)] eik°P, (18)

a1v oB = [aiv By + (B -grad o) + 1k (B, -grad Pﬂo"‘“". (19)

Y
Upon substitution of equations (16)-(19) into Maxwell's

ecuations (11)-(15),

(grad PXH,) + eB, = - Til:'; curl §,, (20)
(grad PXB,) - uH, = - g curl E,, (21)
0
(E.grad P) = - T%—Exlogud loge) + div t]:I , (22)
(]
(R-grad P) = - -+ [(H, .grad logu) + div H_]. (23)
gra TFOE 1 gra ogp v ]]

Solution of (20)-(23) as A — 0 implies that the

right sides of the equations become negligibly small or

(grad PXH,) + cE, = 0, (2L)
(grada PXE,) - uH, =0, (25)
(E,-grad P) = 0, (26)
(H,-grad P) = 0, (27)

Solving for H, from (25) and substituting in (2L),

%E‘l""d P)grad P - ll(lgrad Pl)2+ 031] = 0. (28)
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But from (26), (B,-grad P) is zero and therefore

|grad P'z - 2, (29)

The surfaces P(r,0) = constant are called the geo-
metrical wave surfaces or the geometrical wavefronts.
Geometrical light rays are accordingly defined as the or-
thogonal trajectories to the wavefronts P(r,0) = constant.

The implications of (29) are as follows. Assume
that a plane wave has been reflected by the ionosphere and
is incident on an irregularity which is characterised by
some P(r,0). The wavefront will transform from a straight
line in such a way thst equation (29) is satisfied In other
words, the surface of constant phase will become an 1rrcg?-
lar curve. Upon emergence from the irregularity, the wave-
front will propagate so that the structure at the ground
will be some multiple of the structure at the layer. Geo-
metricsl optics does not consider interaction of the rays
to occur at any place other than the observing plane.

It is possible, therefore, to visualise s mech-
anism which produces an irregular ground pstterm which
varies in time by consideration of a moving irregularity
and geometrical optics. The shortcomings of this approach
are, however, manifest. In the first place, there is no
evidence that the irregularity sise is so large that wave-
length can be neglected at 300 kc/s. Upon this assumption
of course, depends the neglect of sprecading, or diffraction

effects, and scattering as previously defined. These
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obvious shortcomings necessitate the rigorous approach

which follows,

B. CONCEPT OF AN ANGULAR SPECTRUM AND ITS APPLICATION
TO DIFFRACTION PROBLEMS
The Cartesian components of E and H in a wave

satisfy the equation
2
v2v(r,t) = 33 9—% (r,t), (30)
¢ ot

where V(r,t) refers to each rectengular component of the

field vectors. PFor the two-dimensional case since

'V 2
. -0V (31)
at?
and
-m2 2
- k2, (32)

c

the wave equation is simply

2 2
:_.§+:_;.+k2v-o. (33)
x 4

A fundasmental solution of (33) is of the form

v = olkT coa(e-c)’ (34)

where r, 0 < 8 < 2n are polar coordinates related to the
Cartesian components by
x = r cosb, (35)
y = r siné (36)
and a is the anpgle between the direction of propagation and

the x axis.
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Whittaker and Watson23

have shown that any solu-
tion of (33) can be put in the form of an angular spectrum

of plane waves denoted by

Ve jF(a)eikr coa(e-a)da (37)

by a proper choice of the function F(a) and the path of
integration.

As an example of the solution of the wave equa-
tion (33) by an angvlar spectrum, consider a plane wave
incident on an infinitely thin conducting sheet situated at
y = 0., Assume further that a current sheet is induced by
the wave which has only one component, Jz, and that this
current sheet is responsible for re-radiating waves into
the half plane y>0 (see Figure 18). This current sheet
can be considered as a diffracting plane interposed between
the observer and the wave source.

A solution of Maxwell's curl equastions shows that
the tangential component of E is continuous in crossing an
infinitely thin current sheet while the tangential compon-
ent of H is discontinuous. In particuler, the discontinu-
ity in H is in the tangential component normal to the cur-
rent density J and is of magnitude

Jp = %} J. (38)

For the case of a current sheet located at y = O with the
single component J’, there are two components of H, and

from symmetry
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= 2n
Hx = + - Jz (39)

with the upper or lower sign depending on whether y reaches
gero through positive or negative values respectively.

The problem of ionospheric diffraction can now be
formulated with a current sheet model. If a ground trans-
mitted wave is reflected by the ionosphere and is incident
on an irregularity which is considered as a conducting

sheet, currents are induced which give rise to re-radiated

waves.
In particular, assume that the wave denoted by
L - (0,0,I)Qikr cos(6-a) (40)
and
H = (sina,-cosa,o)eikr cos(6-a) (41)

is radiated into the half space y >0 by an induced current

J'. It can be readily seen that a current given by

3, - %% olkr cos(@-a) , (42)

satisfies equation (39) for H, given by (41). In particu-
lar, at y = O

J,(x,0) = 5% elkX cosa ., (u3)

Since any current distribution can be built up by an appro-
priate superposition of (43), assume that the current dis-

tribution is given by

3,(x,0) = 35| P(B)e* *Pap, (Lk)
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The change of variable
B = cosa (L4s)
in (Lb) gives

J (x,0) = i%J‘ainaP(coaa)eikx co8%4q, (46)
c

where ¢ denotes the path alang which cosa ranges through
real values from -= to ®», At some distance y from the
screen the phase factor will have an additional contridbu-

tion from y sina or

J (x,y) = %%f sinaP(cosa)e ¥’ cos(0-a)y, (47)
c
Prom (39) it is evident that
Hx(x,y) -4 j’sinaP(coaa)oikr °°’(°;“)da (Lu8)
¢

with the upper sign for y~ 0 and the lower sign for y<O.
For the two-dimensional wave equation solution
such as is being considered here, it is also true that

ok

B, * 1% 55 (L9)
and
1 anz
Hy - ik 3% - (s0)

For the particular wave polerization being con-
sidered, the remaining two non-sero field components are

therefore

H’(x,y) - -J\cO|aP(coaa)oik' °°'(°;“)da (s1)
c

and
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lz(x,y) - f P(cosa)elX? °°’(°*“)da. (52)
e
It is of interest to consider the value of

E'(x,O). This is given by
E,(x,0) -\f. P(cosa)el¥* €080y, (53)

By the theory of Fourier transforms,
P(cosa) = f Ez(x,o)e'ikx cosa, . (sL)

Equations (53) and (54) may be summarized by
stating that when a one-dimensional diffracting screen is
illuminated by a monochromatic wave, the angular spectrum
produced, expressed in terms of the cosine of the angle be-
tween the wavefront and the x axis, is the Fourier transform
of the distribution of complex amplitude over the wavefront
just 8s it leaves the screen (see Figure 18).

Using the substitutions

c = cosa (55)
and
s = sing, (56)

equation (52) can be rewritten
E (x,y) -J)P(c)eik(xc‘ys)da. (57)
c

The plane waves corresponding to the limits of
integration along the real axis are homogeneous and radiate

into the regions y>0, y<O0. The imaginary limits give
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rise to inhomogeneous waves.
For example, if
¢ =gy + ia,, (58)
then
Jlkr cos(6-a) _  ikr cosha,cos(6-a) -kr sinhazlin(O-G]_)’ (89)

indicating that the equiamplitude and equiphase planes are
mutually perpendicular. In this case the directions of
phase propagation are slong the positive and negative x
directions, and the amplitudes are attenuated exponentially
in the direction normesl to and away from y = O. These
waves are called evanescent waves and on the average carry
no energy away from the screen.

From comparison of equations (53) end (52), it
is apparent that E', in traveling the distance from (0,0)

to (0,y, ), undergoss a phase retardation of smount A¢

where
8¢ = kay,. (60)

Since
s = (1-c2)*, (61)
80 ~ky, - § y,cl. (62)

The component kyo represents the phase delay of
the undiffracted wave in traveling the distance Yo and
- % y°c2 represents an additional phase gain which is under-
gone by the component of the angular spectrum traveling in

the direction ¢. FPor a<10° equation (62) 1s fairly exact.
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In other words, if g(x) represents the distribution of com-
plex amplitude in the diffraction patiern at Yo with the
phase referred to (0,y ), then g(x) is formed by the same
angular spectrum at the diffracting screen, but the phase
of each component is advanced by an amount % yoc2 for
a<10°, Employing the notation used by Ratclifrels to sym-

bolise Fourier transforms, this relationship may be denoted

by 2

) x

= a(c), (63)

where G(c) represents the angular spectrum referred to the

g(x) e F(c)e

point (O,yo).

C. THE GENERALIZED SPATIAL AUTOCORRELATION FUNCTION AND
THE WIENER-XHINTCHINE THEOREM
If a complex amplitude function F(x) has a mean
value of zero, it is sometimes convenient to use its gen-

eralizsed spatial autocorrelation function defined by

f'r(x)r*(xw)ax

(64)

9(7) - - ’
f P(x)F* (x)dx

where the asterisk indicates <the complex conjugate. In

particular, if F(x) is equal to Ez(x,o), then

f.IP(c)'zoikcdc
J\. |P(c)|2dc .

If F(x) and g(x) are the complex amplitude

(65)

p(y) =
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distributions over the screen and the observing plane res-
pectively, then using the previously defined notation for

Fourier trensforms, the following relations are evident:

F(x) «» P(c), (66)
pe(7) & [P(o)|2, (67)
k 2
-1
g(x) e»Plc)e 279 (68)
and
k 2,2
-4
og(r) oo [p(ere™ T | (69)
orY
p (r) € [P(e)| . (70)

Equations (67) and (70) show that the generalized spatial
autocorrelation function is invariant with the distance of

the observer from the screen.

D. BITENSION TO A TWO-DIMENSIONAL SCREEN

The foregoing snalysis may be extended to t'e dif-
fraction effects produced when monochromatic radiation ie
incident on a two-dimensional conducting plane. If one
assumes, for example, that the induced current J has two
components, a two-dimensional Fourier integral can be used
to represent it and subsequently yield the two-dimensional
representation of field components. In addition, the wave
equation must be solved in three dimensions.

However, since this study is primerily an inves-
tigation into methods of recording and analysing diffrasc-

tion patterns rather than a detailed investigetion into
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their causes, the two-dimensional diffraction pattern will

not dbe discussed.



CHAPTER V
SUMMARY AND CONCLUSIONS

The specific prodblem to be solved in this study
is the development of a technique for studying the angular
spectrur of ionospherically reflected waves. The large
body of investigations dealt vwith in Chapter II indicates
that fluctpationa in the amplitude and phase of ionospheri-
cally reflected waves are caused by irregulasrities or dense
patches of ionisation in mition in the ionosphere. A form
of representation of these irregularities is a thin dif-
fracting screen. VWaves incident on such a screen are re-
radiated in the form of an angular spectrum of plane waves
which can be reconstructed at the ground to yield informa-
tion about the irregularity.

The wide aperture, high directivity, scanned an-
tenna array developed in the course of this study provides
& ready means of detecting the angular spectrum. The basic
unit of the array is a semiconductor switch which permits
rapid sequential sampling of six antennas in a linear array.
By mesns of a phase locked oscillator arrangement, the
phase as well as the amplitude of the signal received at
each sntenna can be continuously recorded.

Records have been taken with the switched antenna
array, and a comparison with independent work in the field
indicates that the preliminary results are compatible with
other findings.
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A. SUGGESTIONS FOR FURTHER WORK

First a larger number of records must be obtained
to compare with independent findings. The short samples
discussed in this study are insufficient to generalize conm-
prehensive results. The method of reduction of these re-
cords should be changed, moreover, from the laborious visual
method to a digital paper punch arrangement which can bde
sampled rapidly by a high speed computer.

In addition, the problem of anomalous propagation
of the ground wave in phase measurements should be removed.
A method of accomplishing this could be instrumented as
follows. A 300 ke¢/s receiving antenna located at the in-
strumentation building would phase lock an oscillator at
300 k¢/s in the same manner as the 1400 kc/s oscillator is
presently locked. By means of delay circuitry a portion of
this oscillator would be gated fqr 200 pusec after the trail-
ing edge of the ground pulse. This gated pulse would then
be radiated along the antenna line and would serve, in
turn, to phase lock the existing oscillator for phase mea-
surements of the sky wave. An additional gate would bve
provided to prevent the Scotia ground pulse from phase
locking the sky wave oscillator reference. This method
would permit an exact determination of the angle of arrival

of the phase lock signal st each antenna.
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