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developed using differential phase data from the ATS-6 geostationary satelliteJ
The 40- and 360-MHz coherent signals were propagated through the iono-
sphere and received on the 150-ft radio telescope at the Sagamore Hill Radio
Observatory.

sis of the computerized data was based on 13 consecutive days
ctive scintillation in November 1974, It shows that amplitvde and phase
scintillation occurred simultaneously only 53 percent of the time, indicating
that application of the equivalent thin diffracting screen theory is invalid for
describing the data for the remaining 47 percent of the time. Statistical
comparisons suggest that daytime amplitude scintillations were apparently
caused by ionospheric focusing mechanisms since phase scintillation proved
to be almost exclusively a nighttime phenomena.

The differential phase data from the same source is analyzed in & manner
that reveals many of the ionospheric interactions that affect space communica+
tions. The interactions are further reduced into the following parameters
that describe ionospheric conditions that relate to rf propagation:

Total electron content (TEC)

Changes in electron density, assuming height

Equivalent slab thickness, assuming height

A continuous measurement of phase velocity

A continuous measurement of rate of change of TEC

A continuous measurement of rate of change of refractive index
A continuous measurement of angle of arrival.

The influence that the traveling ionospheric disturbances (TID) have on
the phase of the 40-MHz signal receives special emphasis, and it is8 shown
how the presence of TID eids in the analysis.
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ATS-.6 40- and 360-MHz
Differential Phase Measurements

1. INTRODUCTION

Detection and processing of VHF and UHF Satellite cw signals with power
levels less than -135 dbm at the antenna present difficulties when attempting to
translate the processed data into meaningful measurements of ionospheric
physical interactions. The principal problem is interference from extraneous
signals, that is, man-made and natural rf noise. For several years tracking
filters have been employed to alleviate the problem by narrowing the receiver
bandwidth to a few cycles per second. The filters are required to frequency track
the rf signal, because generally the satellite signal and the local oscillator are
not sufficiently stable to allow use of a narrowband fixed filter.

Experience has shown that geostationary satellite UHF signals drift up to
200 Hz and orbiting satellite signals, due to the added doppler frequencies, shift
many times that amount. Local oscillators, however, can be made extremely
stable using synthesizer techniques.

The complexity of the tracking filter with the automatic search circuitry
required to lock the filter onto the signal during acquisition, or when it reappears
after a fade, is an unattractive feature of this process.

(Received for publication 1 June 1976)
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Experience has also shown that when the signal is scintillating violently the
tracking filter will not stay locked. For these reasons, and the difficult align-
ment procedure, it appears that frequency tracking is not the solution for low-cost
satellite monitoring receivers, although, in most cases, it is the only solution at
present.

2. PHASE MEASURING EQUIPMENT

Fortunately there are satellites transmitting high and low UHF signals that
are coherent; that is, both are multiples of the same crystal frequency and, as a
consequence, lend themselves favorably to a simpler, much more dependable
and less expensive system for their detection and processing. This is a cross-
correlation technique designed at the AFCRL lonospheric Research l.aboratory,
Bedford, MA to measure differential phase between a 40-MHz signal and a
360-MHz signal transmitted from the ATS-6 satellite. If the use of electronic
correlation is not restricted because of the required response time, it is a power-
ful tool capable of extracting minute but meaningful information from an excep-
tionally noisy environment. The bandwidth determined by the integration time
constant can be made extremely narrow. In this system it is 0.5 Hz at -3 dB,
this being adequate for the fastest 360° phase shift encountered.

Inspection of the cross-correlation formula, 2 {r)=1/T Jr;t f{r) g{t - 7) dt shows
that when two time-varying voltages f{t) and g(t - 7) are the same frequency and
the delay time 7 is zero, the signals will be in phase and the output voltage, g (t)
will be a maximum positive dc voltage. As T varies, the phase between the
voltages increases. At 90° the average correlated output is zero. When 7 is such
that the phase difference is 180°, the correlated output is a maximum negative dc
voltage. If 7 is varied linearly in incremental steps, using a tape loop, for
instance, to provide g(t - r), the correlated integrated output is sinusoidal with
each incremental step's worth of integrated data being produced for each cycle of
the tape loop.

The use of cross-correlation to detect and process ionospheric phase data
provides a compatible marriage between the processing technique and the
phenomena producing the ionospheric anomalies for the following reasons:

(1) The transmitted frequencies are made coherent in the satellite, therefore,
frequency locking equipment is not required for this equipment.

(2) The variable delay (T) does not require any additional equipment as it is
generated naturally in the ionosphere by the diurnal variation of the total electron
content, with its inherent refractive effects changing the phase velocity of the
40-MHz signal. T is also sensitive to phase scintillations and faster changes in




150 ANT /\I\/

1
L
5 — o
? 3 ! H cos
360-MH: “IXER 18 ac FILTER CORRELA- cos

Wil
1
1
90 SHIFT —
PREAMP 200wz 8w T*%0 ¢ ]b: Tor '“—?,’uoouuvon '
)
t
T ]
91h HARMONIC | r )
360-MH2 +18 k¢ | ' i
L 3§
r o 9 " iLY '
40-MH SUMMER
w2 e FreQuency] ] limuc Fiire| | |60 creue 90°¢ "DE
1
LOCAL 0SC MULT x 9 200hz B w 0SC  Juy SHIFT AMPLIFIER
\ H
180 'ANT \i/ !
'
. A [~ 3 s e y
40-MH1 L—. L e e VMMM
MIXER 2k FILTER CORRELA- L(—»t !
| PREAMP | ;—* TOR MODULATOR & SHIFTING
L — L L 6G Hz CONSTANT AMPL
r P ’ U.- U'
= 1 g L e T rawe |
. | DIG'TAL i DIGITAL i
60 CYCLE LINEAR SAMPLER t
[S— FICTER COUNTER | | COUNTER —8lg, i cen . —e ¢ RM:P QUTkLT
32100 i 32101 et ; 12807/ RAMP
L 'L ECTOR |

Figure 1. 40- and 360-MHz Differential Phase System Block Diagram

the total electron content (TEC), such as those caused by magnetic storms and
ionospheric winds; also traveling ionospheric disturbances, that is, acoustic-
gravity waves that modulate the TEC profile as they propagate through the
ionosphere.

(3) Because the system rejects random noise and uncorrelated signals, the
products of which average out to zero, the normal receiver requirements are
minimal, and it is not necessary to employ a complex phase locked communications
receiver.

(4) The circuitry that provides a 0. 5 Hz bandwidth also produces a quasi-
sinusoidal integrated output voltage when the TEC is increasing or decreasing at
a linear rate. By coincidence, and very conveniently, this satisfies the first
requirement for generating a voltage proportional to phase for making a strip
chart recording.

A block diagram (Figure 1) has been provided to assist in the explanation of
the complete system. The receiver portion consists of blocks 1 through 7. Blocks
1 and 4 are standard preamps with a 2 dB3 noise figure and a 28 dB gain. The
local oscillator, block 7, is tuned 2 KHz higher than the 40-MHz satellite signal;
thus, when mixed with the satellite signal, 2 KHz becomes the difference frequency
for further processing.

1. Yeh, K.C, and Liu, C.H. (1974) Acoustic-Gravity waves in the upper
atmosphere, Rev. Geophys. Space Phys. 12(No. 2):193.
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When the local oscillator is mixed with the 360-MHz satellite signal it is
actually the 9th harmonic that is used, thus making the 2 KHz difference frequency
18 KHz for further processing at the mixer output.

At this point the system has produced a 2-KHz signal carryving the 40-MHz
phase information and an 18-KHz signal to be used as the standard, since refrac-
tive effects on the 360-MHz frequency responsible for it are minimal.,

The two frequencies have remained coherent through the heterodyning process.
because the same L. O. has been employed for both; however, for cross-
correlation purposes they should both be the same frequency. To accomplish this
the 18 KHz could be divided down to 2 KHz or the 2 KHz could be multiplied up to
18 KHz. The latter method was chosen for two reasons. There is more stability
in frequency multiplication than there is in frequency division, and it is possible
to make a chart record that is nine times more sensitive, nine being the multiplica-
tion factor to bring 2 KHz up to 18 KHz. Therefore, each ¢(r) cycle out of the
correlator represents 40° instead of 360° of the 40-MHz phase change. See
Figure 2.

The increased sensitivity is valuable when measuring the time of occurrence
of TID's (Figure 2) as the phase reversals can be measured accurately to within
a few degrees. Its potential value is the accuracy to be achieved in measuring
TID direction and speed, if three systems are put into operation in triangulation,

For strip chart recording of phase and phase scintillation, a sinuscidal
function is not adequate as it is subject to ambiguity, that is, one cannot
tell if the phase is increasing or decreasing. If the system includes two cor-
relators, one generating a sinusoidal function and the other generating a cos
function, as this system does (blocks 10 through 13}, the ambiguity can be




eliminated through visual interpretation of the record. However, this is a tedious
operation, so it is better to extend the process further and include a coordinate
converter (blocks 12, 14, 15, 16, 17) that puts the data back in the form of two
coherent ac signals still retaining the proper phase relationship that can operate
a phase ramp generator., The frequency can be whatever one chooses. This
svstem uses 60 Hz because of future intentions to drive a clock motor. [t may
appear at this point that nothing has been gained; we started with two 18-KHz
signals, one changing phase relative to the other, and we end up with two 60-Iiz
signals, one changing phase relative to the other. The big difference, however,
is that the unprocessed 18-KHz signals have so much phase jitter and extraneous
noise that the data from a phase detector operating on these signals would be
worthless. On the other hand, the two 60-Hz signals are relatively noise-free
having gone through the correlation process with the 0.5 Hz bandwidth.

Mathematical expressions describing the more complex portions of the system
are as follows: Placing a 90° phase shift on one of the 18-KHz signals and simul-
taneously running it through a second correlator produces a second correlated
signal, thus providing two output voltages, sin plry =1/T f: f(t) gt - 7) dt and
cos 2(r) = 1/T Jotf(t) glt - 1) dt.

When the phase between the two input signals is shifting at a constant rate,
these two functions can be considered to be very low sub audio frequencies, one
90° out of phase with the other. One cycle per second is about the highest fre-
quency encountered so far, Therefore, treating them as such yields the following
expressions for the output of the modulators: box 14, (sin ].lt) (sin '1:2t) and box
16, (cos 1 1t) (cos u gt}). Summing the two outputs (box 17) vields the trigono-
metric relation, cos {» 1t -rgt). Amplifying this signal into saturation obliterates
the cos function and the output is then (:('1:l - ¢, ). Thus the output of the summer
17 K = 60 Hz and £
just another way of saying a 60-Hz constant amplitude voltage is changing phase

2
=1 Hz is a 79-Hz square wave which is

and amplifier when
at the rate of one cycle per second relative to the 60-Hz standard.

The multiplication by 1/T is performed to normalize the data, that is,
to eliminate signal time duration as a factor in determining the amplitude of the
integrated output.

Operating a conventional phase detector off of the two 60-Hz signals produces
a phase ramp for each 40° phase shift between the two rf signals at the antenna,
that is, 360°/9 as explained earlier in the text.

It was decided, however, not to phase detect here, but to extend the range to
1280° per ramp to help distinguish phase scintillations from phase ramps and also
to reduce the chart speed for more economical use of chart paper., To accomplish
this both 60-Hz signals are fed into 32 to ! digital counters, (boxes 19, 20). The
counter output, operating from the 60-Hz oscillator, supplies a pulse to repeatedly




Figure 3. Influence of Traveling lono-
spheric Disturbance on Electron Content
and RE Propagation Using Geometry at
Fquator for Simplification
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start a verv linear ramp generator (block 21). This is a sawtooth voltage with :
repetition rate of approximately 0.5 cvecles per second, that is, 32/ 60 Hz.

The ramp generator is fed to the phase detector where it is sampled by the

- instantaneous pulse from the 32 to 1 signal counter. The value sampled is placed
in storage on a capacitor and held constant until the next pulse 2 seconds later.
If the phase is increasing, the sampled values follow the ramp up in the positive
) direction. If the phase is decreasing, the reverse is true. Il'or example, if it
takes 32 seconds for the signal to complete each cycle of the 2-second ramp in
incremental stored steps, the output of the phase detector is a 32-second ramp
that reverses direction when the signal reverses phase. See Figure 2.

Earlier in the text it was mentioned that there was a reuson {or using 60 Hz
in the coordinate converter. The proposal is to develop a complete diurnal curve
of the total electron content using electromechanical techniques. If the two 60-Hz
voltages (blocks 12 and 17) are used to drive clock motors, the output shaft of the
signal 60 Hz will rotate slightly faster or slower than the standard 60-1{z motor,
depending on how fast the phase is increasing or decreasing. By using an appro-
priate gear reduction in combination with a mechanical differential, coupled to a
linear potentiometer, it will be possible to develop a variable dc voltage repre-
senting a diurnal plot of the electron content, there being a direct correlation
between phase shift and changing T'EC. ‘The gear reduction will have to be suf-
ficient to keep the rotation of the potentiometer arm within the mechanical limits
of the potentiometer., 'This will ensure a smooth curve without interruption

caused by potentiometer discontinuity.
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Pigure 4. Statistical Comparison of Amplitude and
Phase Scintillation

3. COMPARING AMPLITUDE SCINTILEATION WITH PHASE SCINTILLATION

“I'he equivalent thin phase screen’ is a popular concept used by iono-
spheric scientists for explaining, in mathematical terms, amplitude scintillations
on rf signals propagated through the ionosphere. This is a screen of negligible
thickness that would produce the same phase variations on the rf signal as the
actual irregular region. 2 The assumption is that the signal leaves the thin
screen, fluctuating in phase only but, as the wave propagates beyond the screen,
amplitude fluctuations develop from the summation of the deviated phase signals.

Recent measurements made on ATS-6 geostationary satellite signals com-
paring 40-MHz phase with amplitude show that application of the equivalent thin
screen theorv is valid for only a portion of the data. During a 13-day active
period of ionospheric scintillation in November 1974, data was computerized to
make the above comparisons., The results show that during the periods of
amplitude scintillation, phase scintillution existed only 53 percent of the time
(Figure 1), Thus, if the amplitude scintillation at the antenna was not the result
of ionospheric phuse scintillation during 47 percent of the time, another theory is
required to explain the results. To conform to the data as presented on the strip
charts, the responsible mechanism must allow both enhancement and attenuation

of the rf signal., [PPust investigators studving large-scale irregularities have
A g

2. Briges, B, (1966) Brief review of scintillation studies, Radio Sci.
1(No., 10):1163, —
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Figure 5. Amplitude and Phase Scintillation Occurring
Together

suggested marked focusing effects as the cause of scintillation. This could also
explain the remaining 47 percent reported here. Concurrent cycles of the rf
propagation could be focused on the antenna through lens-like structures of the
irregularities, eliminating the phase deviation requirement dictated by the dif-
fraction theoryv. Also, when a moving ionospheric structure focuses an increase
in energyv on the antenna, its refractive area that supplied the enhancement must
also reduce the energy when it is appropriately positioned, resulting in moving
irregularities that are equivalent to alternating convex and concave lenses.

In a similar manner, moving electron gradients normal to the propagation
path could deflect concurrent rays that are close to grazing incidence resulting in
alternating enhancement and fading of the signal at the antenna. 3 An example of
amplitude scintillation accompanied by phase scintillation is shown in Figure 53;
amplitude scintillation without the presence of phase scintillation is shown in
Figure 6.

A graph (Figure 7) was constructed showing the percentage of time the phase
uangle ? was in excess of x degrees for the 13-day period. The smootiress of the
curve suggests that sufficient data was analyzed to describe conditions for a high
percentage of ionospheric scintillation.

Although the shape of the curve appears to indicate a near Gaussian distribu-
tion of irregularities with respect to the line of sight between the satellite and the
receiver, logically there is no reason to believe there would be such a distribution
at the specific region where the rf ray penetrates the ionosphere. It is more
likely that, statistically, there is a linear distribution being affected by a dimin-
ishing power law.

3. Sﬁ?fck, F.F, (1971) Quasiperiodic scintillation in the ionosphere, J. Atmos.
E’Tt,-{’b;‘i 34:927.
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The Fresnel formula, vt =./2n%.r states that when the lateral distance in the
ionosphere bhetween the line of sight ray and an interfering ray, or the equivalent
radius resulting from diffracted or scattered rays has changed vt, it produces a
difference in the arrival time required for nd at the receiver distance r. If
zo/ 2= is substituted for n, the equation can be solved for phase change "o instead
of integers of wavelengths. Thus with rearrangement and substitution, the formula

hecomes
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F'rom this it is upparent that the change in phase resulting from a linear distribu-
tion is proportional to the square of the ray separation distance vt. Looking again
at the graph in the region of N I rad, the curve closely follows a square law
indicating Fresnel action on a linear distribution of irregularity sizes. If such is
the case, it supports the contention made by several investigators that some iono-
spherie seintillation is produced by either a superposition or a distortion of quasi-
periodic events, These are the irregularities which, when isolated, develop a
charucteristic "ringing' Fresnel pattern as displayed on the amplitude channel of

i, 5, 6
a chart recorder. ™ 7

They fall in the region z, 72 1 rad, and the curve would
have to be extended significantly to include the uncontaminated, isolated examples.

The region of 7 < 1 rad is where, according to Hewish, 7 and generally
accepted by others, the projected irrcgularities have the same scale size when
measured on the ground as would be the case if measured at the ionospheric level.
Here the curve is quite linear, as one might expect with a linear distribution of
increasing scale sizes, because the change in refractive index, and thus the change
1 phase, is directly proportional to the electron content in the irregularity.
Aurons ot ul” in referring to the two regimes as weak scattering where 2,7 1 rad
and strong scattering where z, > 1 rad shows that there are periods when the two
regimes exist simultaneously.  The graph supports their findings by displaving a
gradual transition from linear to a characteristic Fresnel curve in the region
between 37 and 90°.

The recordoed data does not differentiate between positive and negative phase
deviations, so thev all have been lumped on one side in the graph. Since %5 is the
result of a4 changing refractive index about a mean level, a complete graph should
include a mirror image of itself in the negative * direction to more accurately
portrav the process that produces the phase scintillations. This is taken into
consideration in explaining the non-linearity of the curve close to 2, 0. Itus
similar to the zero beat that appears on a traveling ionospheric disturbance

4. Elkins, T.J. and Slack, F.I. (1969) Observations of traveling ionospheric
disturbances using stationary satellites, J. Atmos. Terr. Phys. 31:421,

5. Titheridge, J.E. (1971) The diffraction of satellite signals by isolated iono-
spheric irregularities, J. Atmos., Terr. Phys. 33:47.

6. Kelleher, R.F. and Martin, P. (1975) Fresnel-type fading on satellite
records at low latitudes, J, Atmos. Terr. Phys. 37:1109,

7. Hewish, A, (1951) The diffraction of radio waves in passing through a phase-
changing ionosphere, Proc, R, Soc. A209:81,

8. Aarons, J., Castelli, J.P., and Kidd, W. (1962) Cygnus rise and set
measurements at VHF and UHI radio frequencies, Proc. Internat., Conf.
Tonos., 252.
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record (Figure 3) when the phase reverses direction, and the angular refraction
goes to zero.

In comparing the information contained in Figures 4 and 7, and using a spate
of speculation with at least a modicum of logic, it appears that there is a relation
between * scintillation in the hours between sunset and sunrise and zo < 1 rad.
Since the electron content is decayving during this period, and the electrons would
be clinging to their magnetic field aligned positions, electron gradients would
develop normal to the field. With the ionosphere in motion, conditions now exist
for the occurrence of » scintillations, initially falling in the regime < 1 rad,
because adjacent areas would produce only slight differences in refraction. As
the decay cvcle continues, electron deficient holes would likely develop because
of the remaining electrons' propensity for field alignment, causing the medium
to become more irregular. At this time there would be a tendency towards focusing
mechanisms or grazing reflection surfaces more suitable for ¢ scintillations in
the regime z_ > 1 rad. Briggs1 in writing about "the equivalent thin phase screen’
and its application to scintillation amplitude, summarized by saying, "This method
will give useful results if 8, < 1 rad. When 24 is large there is evidence of focus-
ing.” Note in Figure 4 the negative correlation between z scintillation and ampli-
tude scintillation during the daylight hours. Then compare this with Figure 7
showing that the rate of occurrence of ¢ scintillation is practically zero for
2.7 240°. Thus the data indicates that during the daylight hours the increased
electron density requires that the irregular structure instead of behaving like holes
must now behave as cylinders with essentially all amplitude scintillations being
caused hy focusing or reflection surfaces, that is, 2 scintillation is almost
nonexistent, and when it does occur it is likely to be in the regime ¢o>1 rad,

It must be emphasized that the above explanation has been based on 13 active
days of scintillation in November and its application to scintillation in general is

a matter of conjecture.

4. THE TRAVELING IONOSPHERIC DISTURBANCE

One of the most outstanding features displayed by the phase data is the
influence that traveling ionospheric disturbances (TID) have on the phase of the
40-MHz signal. A TID is generally thought to be an acoustic-gravity wave
propagating through the vast expanse of the atmosphere including the ionosphere. !

Interpretation of the data (Figure 2) indicates that the medium is being dif-
fused and compressed in a cyclic manner that changes its refractive index in the
same fashion. [‘urther, the data shows that the alternating diffusion and compres-
sion is in a direction that crosses the satellite receiver propagation path. To
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1cach thns conclusion consider the diurnal curve of the total electron content
(1 tevre B). T'his is the sum of all the phase ramps into one continuous 24-hour
Curta . Since there is a direct correlation between TEC and phase, the ordinate
(o thee curve can be calibrated in the number of electrons per m2 column between
11« «o(ellite and the receiver. 'olarimmoeter data has been used this way for a
e of years but uses the relationship between TEC and Faraday rotation and
v~ ondy ahout 10 percent as sensitive to the changes in the medium, Also the
tedonineter measutres the Larvaday rotation only to the range still influenced by
hocarth's magnetic field, Because of this difference the electron content, as
rocosured by the polarimeter, should never exceed the differential phase TEC
Lwesurements. Since the Dpure contradiets this fact, it appears that the wrong
tenpe value was selected in the polarimeter analysis.

I e figure shows that the 'I'ID produce equal deviations about the median of
fin- curve.  Uhis indicates that thiere has heen no net gain or loss in the total
Cledtron content, only that the clectrons have been diffused away from the sat-
rocenver propagation path and then compressed back again. If the compression
toni dhiftusion were in the direction of the rf path, the data would show no change
in the total electron content column when T'ID) are present.

Swice the jon gyrofrequency is much higher than both the ion neutral collision
froquency and the wave frequency, the charged particles can move only along the
vapnetic field lines. ! Thus jonospheric oscillations are induced more easily by
ticli aligned perturbations. Combining this information with the above presents
tic hypothesis that the extent of TI) influence on the rf propagation path is
lutitude dependent, being maximum at the equator where the satellite-ground
propagation path is normal to the magnetic field lines, and minimum in the
northern latitudes where the ray path and field lines are more closely parallel.

16
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i, of course, excludes other factors that may be more overpowering, such as
i1« TID haviug spent its energy by the time it reaches the equator.

The ATS-G satellite elevation angle at Sagamore Hill, Hamilton, Massachusetts
is 36°. The magnetic dip angle is 73°, Therefore the rf propagation path crosses
the magnetic field lines at an angle of 37°. It follows that the magnitude of the
clectron flow, normal to the propagation path, is sin 37° x the magnitude of the
c¢lectron motion moving back and forth along the field lines as they respond to the
TID wave motion. This compares with sin 90° at the equator.

It is also important to consider the TID direction component normal to the rf
propagation path, so that the refractive process taking place can be understood,
since this is what the receiver and phase detector system is measuring. If the
crest of the TID wave represents the maximum electron density and the trough
the minimum (Figure 2), then one can visualize this as introducing ionospheric
gradients in the direction of the TID motion with maxima and minima representing
positions where the rate of change of electron content goes to zero, Zero angular
1< fraction (no bending of the rf ray) would appear when these points are centered
e the rav; more specifically, when components normal to the ray have reached
tias condition, that is, the integrated column of electrons are equal on opposite
~vles of the rayv in the incident plane. [t follows then that maximum refraction
cocm s when the rate of change of electrons is greatest during the steepest part
ol the UHY wave, This is just what the recorded data shows, except that these
conditrons are slightly offset by the ever present diurnal change in total electron
content.

I'he carlier section on the equipment shows how these physical interactions
¢ translated into electrical measurements that are displayed on a chart recorder.
A better understanding is provided by studying the diagram (Figure 3). The dia-
trom represents conditions in the ionosphere where the satellite is directly over-
head; the magnetic field lines are at right angles to the rf propagation psth, and
the TID direction is also normal to the rf propagation path. The figure shows
what happens to the rf ray as a TID influenced electron gradient moves across it.
No hending occurs at the maximum and minimum positions where there is zero
gradient, Maximum bending occurs during the steepest portion of the gradient.
Since the refractive index is less than one, the bending is always towards the
greater density.

As the gradient passes across the ray, the phase velocity completes a cycle
of increasing, decreasing, and reversing direction, then increasing and decreas-
ing in the reverse direction. One side is a mirror image of the other except for
the imbalance caused by the diurnal effect, or some other natural perturbation.
This action repeats for each passing TID cycle that intercepts the rf ray and is
illustrated on the strip chart (Figure 2).
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There have been pen recordings showing examples of TID electron displace-
ments up to 20 percent of the ambient total electron content at the time of the
disturbance. Close inspection of the phase data 40° cycles and 1280° phase
ramps shows that the refraction generally is causing the 40- and 360-MHz rays
to separate and close at a constant velocity, which, in turn, causes typical doppler
spacing of the 40° cycles. The cycles follow the square law spacing for a con-
stant velocity fixed frequency moving at right angles to the propagation path. A
mathematical solution shows that doubling the lateral distance the ray travels
produces four times the number of cycles. Note, on Figure 2, that doubling the
2-cycle distance produces 8 cycles, and doubling the 4-cycle distance produces 16
cycles. It is assumed that the dominant action is on the 40-MHz ray, the coherent
360-MHz being high enough to be almost free of the refractive effects and is thus
used as the standard reference for the phase measurement.

It should be emphasized that the numher of cycles between crest and trough
per unit time does not measure the velocity of the TID, but relates to the rate of
separation and closing of the 40- and 360-MHz rays normal to the propagation path.
The number of cycles are also a measure of the TID amplitude; that is, the
bigger the TID, the greater the influence on the electron density which, in turn,
produces a larger change in refractive index and, thus, an increase in phase
velocity, as illustrated on the chart, by recording a greater number of cvcles per
unit time.

Doppler theory adequately explaing the form of the data as displayed on the
chart record; however, many of the parameters that influence space communica-
tions can be gleaned from the data through the application of rayv optics analysis,
which then permits the use of Snell's law and the Appleton Hartree formula, A
list of these parameters in addition to total electron content (TEC) are:

(1) Changes in electron density, assuming height

(2) Slab thickness, assuming height

(3) A continuous measurement of phase v=locity

(4) A continuous measuremrnt of rate of change of TEC
(5) A continuous measurement of refractive index

(6) A continuous measurement of angle of arrival

A simple analysis can be performed on the recorded data, on those sections
where the chart record clearly indicates that the phase is shifting in accordance
with a linear motion normal to the rays; that is, the 40° cycles follow the
square law spacing mentioned earlier. There are, generally, several such
sections to be found each day.

Ray optics analysis is valid if the following conditions are met: (1) the

incident angle ai is sufficiently large; (2) the medium is lossless; (3) the phase is
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measured at a distance sufficiently far from the inhomogeneous medium; and

(4) the media vary slowly compared to a wavelength. 9 These conditions exist
for the data presented. The first condition exists because gradients normal to
the ray path caused by the TID are considered to be the dominant influence on the
rf rav: therefore, the incident angle 25 is measured from a line normal to the
gradient, Iigure 3 shows that 75 is always very large going to 90° at both the
crest and trough of the TID. Since total reflection occurs in all dielectrics at

the grazing incident angle (90°), the principle of reversibilitylo can be used to
explain the phase reversal at both the crest and trough. The principle of rever-
sibility states that whenever a ray is totally reflected a phase change of 180°
occurs: also, if the phase reversal does not take place when the wave passes from
the lower to the higher refractive index, it will occur when the wave passes from
the higher to the lower refractive index. This explains, through ray optics, the
phasc reversals appearing on the chart rccuords at both the TID crest and trouglh
Thus, ray optics theory provides the same answer given by the phase doppler
nrocess which shows the frequency or phase to be increasing when range of the rf
source is decreasing, and decreasing when the range is increasing, with a phase
reversal at or near the point of closest approach. Figure 9 depicts the geometry
for the case where the satellite is directly overhead and the TID direction is

normal to the rf ray.

9. Papa, R..J., private communication,

10, Jenkins, F.A. and White, H.E, (1937) Fundamentals of Optics, McGraw-
Hill, New York.
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Solving the geometry vields some important relationships:

2
r- %‘:\—t.‘) - and
nm = 2nir, 2)

This is recognized as the Fresnel formula whenn =1, and states that the ray
separation or closing must have traveled vt in order to change the phase 360° at
the distance r.

If the incident angle 25 is measured from the path vt, a line normal to the
TID gradient, the relationship vt/r = cos 35 is important, because it accom-
modates the introduction of an equation derived from Snell's law, cos zi = fN/f
where fi\' = plasma frequency and f = the propagation frequency. From the
Appleton-Hartree equation: u2 =l-x=1- (fN/f)2 =1 - KN/fZ, where u = the
refractive index, K = (e2/4”2 com) = 80.6, fis in Hz, N = number of electrons/m3
at highest density point. Combining these equations gives:

f:\. =./80.6N
_BO.BN . vt _ 200 _
cOs8s 31 = s 'r— = '—Vt— sin g
Loemfd o mi?
80. 6N 40.3r - (3)

The last expression states that if the range to the point of highest electron
density is known, the change in densit:y caused by the TID can be calculated.
However, it must be remembered that the equation represents conditions wher
the 40- and 360-MHz rays are separating at a linear rate, and it is only during
the periods when the chart records show this that the analysis can be performed.

To ascertain the TID velocity, three spaced differential phase sites could be
established. The TID velocity would be calculated by making appropriate use of
the time difference of the phase reversals at the three sites. As stated earlier,
these are the times when the angular refraction has been reduced to zero, thus
the measurements provide accurate information regarding the TID crest or
trough position, speed and direction.

Range (r) to the area of maximum density can be measured, if phase data
as a function of relative TID position among the three sites is separated from
phase data caused by ionospheric refraction. This can be accomplished using
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Figure 10. Changing Phase and Polarimeter Ramp Ratio Caused by Series of

interferometer analysis on the higher frequency (360-MHz) by knowing the vari-
ous distances among the three sites. However this is the subject for a later
report, should the expanded program materialize.

Analysis of the data shows the tremendous influence a TID has over the
ionospheric refraction of the lower UHF signals. In minutes it can reduce to
zero the rate of change of electron content and temporarily reverse the diurnal
refractive process caused by the sun. The reason for this is the dominance of
the TID gradients normal to the ray path giving rise to large incident angle
(including grazing), as opposed to the normal, less disturbed vertical gradients
with incideat angles that are much more acute. This is in accordance with
Snell's (aw; the more oblique the angle, the lower the plasma frequency, resul-
ting in greater rciraction.

If one accepts the foregoing analysis, one must ask the question, 'How can
the ramps measure the electron density per m3 and, at the same time, measure

the electron content in a square meter column between the earth and the satellite? "

The answer is that during TID they cannot, because the formula for electron con-
tent is invalid where horizontal gradients are present. This is demonstrated in
the following exercise.

Shortly before the ATS-6 satellite disappeared over the horizon, a 40-MHz
polarimeter output was fed on to an adjacent pen recorder channel for compari-
son with the differential phase data (Figure 10). During this nine-day period
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there were some interesting revelations.  The ratio of polarimeter ramps to
differential phase ramps varied during the day. Since both were presumed to be

a measure of the electron content in a siquare meter column between the satellite
and the receiver on the ground, except for a small difference caused by the plasma-
sphere, it was expected that this ratio would be nearly constint, This proved to

be a false assumption. The two measured extremes are 7to l and 4to 1. Shown
in the figure is a ratio of 4.5 27 ramps to | polarimeter ramp and a ratio of 7 to |
at an earlier time.

In terms of electron content, the formula for the differential phase is:

oL 10T fmEar)
= 40 MHz mZ o

where *: = number of 360° phase shifted cycles between the low frequency and
the high frequency and m = 360-MHz/40-MHz. The ramps displaved on the chart
record have been divided down and represent 1280° of differential phase, making

15

one ramp equal to 1,07 , 10" e/m? column.

The formula for converting the polarimeter measurements to electron content
is Ne V(N f2) H cos A and one ramp equals 3.7 . 101 0 e/m2 column, The dif-
ference between the two measurements is important. The differential phase
system measures the electron content in the total path (the ionosphere plus the
plasmasphere) whereas the polarimeter data is a measure of the electron content
only to the range still influenced by the earth's magnetic field. Thus, where the
ramp ratio is 4 to I, the change in electron content measures 4. 28 « 101 : c/m:3
column in the differential phase system for each 3.7 «x 101 5 e/m2 column change
in the polarimeter system. This leaves a change of .58 » 101 5 e/m2 in the m2
column between the magnetic field and the satellite, which seems to be high but
perhaps reasonable. However, when the ratio becomes 7 to 1, it represents, in
terms of electron content, 7.4 « 1015 e/m2 to 3.7 x 1015 el m2 which states that
one half of the electron change in the m2 column is in space bevond the inflvuence
of the magnetic field., This is unrealistic and requires another explanation for
the inconsistency in the ramp ratio,

The reason for the inconsistency became apparent when the TID records were
given closer inspection. I’igure 11 is a 2-hour graph of the differential phase,
polarimeter ramp ratio vs. time. lach low point corresponds with the point of
zero angular refraction where the phase reverses direction and the electron dif-
fusion is greatest (Iigure 10). The high points coincide with periods of highest
phase velocity (maximum angular refraction). This gives convincing evidence
that the presence of the T'ID is responsible for the changing ratio. It is incon-

ceivable to think that the TID could double the influence of the magnetic field,
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Figure 1. Changing Phuse and Polarimeter Ramp Ratio Caused by TID, Also
showing influence on Slab Thickness

and unlikely that the TID would encounter sufficient plasmasphere electrons to
produce twice the refraction. Therefore, the conclusion drawn from the ubove
exercise is that the differential phase formula for calculating electron content
is not valid in the presence of TID, because it produces horizontal gradients
that dominate the phvsical interactions; thus, the angular refraction is better

represented by the derived formula for electron density.

5. ADDITIONAL CAUSES OF DISCREPANCIES IN THE FARADAY/22 RATIOS

.\'mith“ has noted a diurnal vdariation in the ratio of Faraday rotation 7 to
clectron content T of up to 30 percent at Puerto Rico. Kersleyv and Sawbrook]z
report similar discrepancies in Great Britain. Davies et a]l:; are in close agree-
ment with ATS-6 phase modulation and Faraday measurements at Boulder showing
a 3% percent diurnal discrepancy., They suggest that the changing 2/1 ratio may
be due to the diurnal variation in the effective height of the ionosphere, the 35 per-
cent representing a change from 580 km to 1200 km.

The Hamilton, Massachusetts records were inspected for a changing diurnal
~/1I ratio, but none was found in the six availahle June records. ffowever, it is
apparent in the January 12 TEC profile comparisons (FFigure 8) that in the early

1. Smith, D.I. (1970) Diurnal variation of the mean Faraday factor at
Areceibo, J. Geophys. Res. 75:823.

12, Kersley, I.. and Sawbrook, D..J. (1971) Diurnal changes of the mean
Iraraday M-factor. Joint Satellite Studies Group Report 4:57. Instituto
di Onide Elettromagnetiche, Florence, Ttaly,”

13. Davies, K,, Fritz, R, 1., Grubb, R.N., and Jones, J. k. (1975) Some
carly results from the ATS-3 Radio Beacon Experiment, Radio Sci.
10(No. 9, 10):785. T o
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morning hours from 0000 to 0500 L.T the phase is increasing and decreasing much
faster than the Faradayv rotation, showing ~vulues that indicate about 30 percent of
the electron content is in the plasmasphere at that time. I'his would certainly
show a much lower 7/1I ratio and indicates a greater effective height during this
period, agreeing with the reports by Davies et al, 13
All other varying ~/I ratios were scattered through the records and were
present as reported above only during periods of apparent horizontal gradients,
except for a long-term, changing, average ratio caused by the lowering of the
elevation angle as the ATS-G satellite moved towards the horizon (Figures 12 and
13). Inspection of the TEC equations for both systems shows that the changing
ratio conforms with theory, demonstrating that only the number of polarimeter

ramps is related to the magnetic field or more precisely to the cos of the angle
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Letweeen the coaenotic field and the rav pathe This exercise also serves 1o Qe o=

strate tee cal it ofthe overal! copriprsent desion and the Feld megsurenont s,

O FOUINV ALENT SEAR THHCRNVESS

since the forr of the phase data Jdurine TID is consistent with the fornoula devel -
oped for culeulating electron density, culeulation of equivalent slab thickness 1s
also possible if polarimeter data is available to measure electron content,
Dividing the electron content contained in the TID wave from the trough to
the crest (us measured by the polarimeter), by the electron density for the sanie
period {(measured by the 2 method), vields the slab thickness. The ratio, using
the paranicters given earlier, reduces to:
(no. of 130" polarimeter ramps) (3.5 h)

(no. of 12807 differential phase ramps) “Asec 7) *

where h is the height and z is the zenith angle. [t is suggested that this ratio is
the same as the ratio of THC to maximum electron density at the time of the
measurement. This formula can be used to assign values to igure 11, which
now becomes a very graphic portraval of the slab thickness profile showing the
tremendous influence a T'HY has on the ionosphere. Using 400 km for h and 1. 54
for sec z, it gives values of slab thickness of 126 km to 202 km. These values
are practicallv the same as the ranges reported by Tvagi and Sam:1_\';1_iulu14
using the ratio T+C/max electron densitv. Thev reported a range of values
from 125 to 200 km at Delhi. However, values reported by Klobuchar and ;\llen,1
with combined data from two locations, are higher, Their analvsis on data taken
for 18 months in 1967-1968 vield a wide range of values with an annual mean
value of 261 km. Thev do caution that the values suffer somewhat from the fact
that the TEHC Jdata were taken along the oblique path to the ATS-3 satellite from
Hamilton, Massachusetts, while the ‘\!max values were derived from vertical
incidence onosondes from Fort Belvoir, Virginia and Wallops Island, Virginia.

It appenrs that more comparison data will he required to determine the
validity of the hypothesis that the change in the TID electron content, divided by
the chunge 1in Jdensity, 18 equivalent to ‘I‘I-Z(Y/Nnmx. The following cxercise sug-~
gests that theoretically they are the same,

4, TIvagi, T.R. and Samavajulu, Y.V, (I1766) Some results of electron content
measurcments from Faradav fading of S<66 transmissions, Radio Sci,
11120,

15, Klobuchar, J,. A, and Allen, R.S. (1970) A first-order prediction model of
total electron content group path delay for a midlatitude ionosphere,
AFCRL Report 70-0403, Air Force Surveys in Geophysics No, 222,
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Ui Klobuchar und Allen anals HIS] 7 showed that the propagation delay
MR TI .?/1’2 ‘\(lf where l.\'((l S TEC in vl/n\2 slant column,

Referring back to the formula for electron density derived here for the 11D,
it is shown that N ne 1‘2/ 40, 31 where N - eleetron density - el/an :; n ir, thus
e a0 e/

Since there is only one Sr representing the Jdelav i propapation from crest
to trough in the T'ID, 1rrespective of the cause, the two formelas for Jr can be
equated, which vields r - \'(H/.\/Hl". Thus 1t i1s shown that such a relationship

.
produces the formula for the equivalent slab thickness; however, in this case the
integration is only during the TID interval from crest to trough, and \ represents
the change 1n electron density for the same period. This is the equivalent 11‘2
column of length v, with a uniform density of electrons, that 18 either comproessed
into or diffused away from the equivalent mz column representing the total
clectron content with a uniform maximum densitv. The question is,  Are thes
really the sime length? 7 The analysis shows that at least they ure in the same

hall park,

7. ELECTRON CONTENT IN THE PLASMASPHERE

Comparing Figure 10 with Figure 11 shows that the low points coincide with
times of maximum diffusion and zero angular refraction. The indication i1s that
all gradients normal to the rf ray have momentarily disappeared, so these are
the periods when the differential phase formula for THEC is valid. Thus, if
comparisons are made between the THC diurnal profiles of both svstems to
measure the electron content in the space between the ionosphere, influenced by
the carth's magnetice field and the satellite, the T'II) troughs would be accurate
positions from which to make such measurements. As illustrated in the figure,
the trough positions produce the more stable and consistent values, indicating
that the averaged net TEC beyond the magnetic field remains quite constant,

even though 1onospheric perturbations ure present during this period.

8. A SUNRISE PHENOMENON

. 13 . . . o
Davies et ul 7, using Faraday and modulation phase data from an ATS-6
experiment, have illustrated an interesting sunrise phenomenon. They have
shown that the start of the IFaraday TFEC increase precedes the start of the

modulation phase TEC increase, varving from less than | minute to 15 minutes
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it sunrise. The nodulation phase measurement, like the differential phase
roeasturer-ent reported heve, measures the TEC all the wav to the satellite,

The tinre difference was attributed to a lowering of the effective height of the
tonosphere before the total content starts to increase,

Our records were mspected for this sunrise phenomenon.  There were six
avatluble records with simultancous recordings of both phase and Faradav. The
lelas s varred from a few seconds to two minutes,

Comparison of the ATS-6 differential phase profile with the ATS-4 Faraday
profile for January 12, 1270 (Figure 10) shows that @ large portion of the electron
content was 16 the plasomasphere for several hours before sunrise, reaching a
peak of approxanately 36 percent of the total at 0315 T, The data also indicates
w o forrty sharp lemarcation hetween the 1onosphere and the plasmasphere during
this pertod, [t s reasonable to heljeve that the excess clectrons were still
flowing into the  oregton at sunrise, therety lowering the effective heirght of the
ionosphere betore new production hal actually started, as suggested by [Javies
o ;11.] L

[, voth the mrodulation phase measurements and the Qifferentiul phase
raeasurersents, /0 0 occurs when the production rate Q equals the loss

12 -2 -1
1 sec

vate Lo AN Boulder, an exionple was given showing 1o to bhe =2.16 v 10
at the baradasy mormng reversal,  In accordance with the above stotement at
Afd0 0, Q0 2016 « l()lzni-zst-('-l qust after sunrise.

Two Humalton, VMlassachusetts records were analvzed for the electron
production rate, The analvsis vielded values of Q = 2,19 and Q = 2,21

12 -2 -1 . .
107 " m Tgee , agreeing tavorably with the Boulder, Colorado measurement,

9. PIHASE VELOCITY

The lower channel in Fagure 10 s the analog output of a circuit counting
the nurmiber of 407 eveles per sec,  Therefore, it is a measure of the phase
velocity. Note that if every other peak ig inverted, the trace approximates a
slow sine wave 207 out of phase with the trace of the differential phase data,
showing 1t to be the first derivative of the phase analog {the summation of the
phase ramps). When it was first recorded, it was calibrated to read the rate of
change of electron content per n)2 column between the carth and satellite. How-
ever, in view of the new interpretation of the phase duta during the periods of
TH) gradients, it is more accurate to calibrate the duatu to read rate of change

of electron density (electrons per m'i) at highest density region.
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