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that application of the equivalent thin diffracting screen theory is invalid for
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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 a 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:

1. Total electron content (TEC)
2. Changes in electron density, assuming height
3. Equivalent slab thickness, assuming height
4. A continuous measurement of phase velocity
5. A continuous measurement of rate of change of TEC
6. A continuous measurement of rate of change of refractive index
7. 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 is 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 Ionospheric Research Laboratory,

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 d B,

this being adequate for the fastest 3600 phase shift encountered.rt
Inspection of the cross-correlation formula, - (r) I/T J. f(r) g(t - r) dt shows

that when two time-varying voltages f~t) and g(t - r) are the same frequency and

the delay time r is zero, the signals will be in phase and the output voltage, 0 (i)

will be a maximum positive dc voltage. As 7 varies, the phase between the

voltages increases. At 900 the average correlated output is zero. When 'r is such

that the phase difference is 1800, the correlated output is a maximum negative dc

voltage. If r" 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 (r) 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. 1 is also sensitive to phase scintillations and faster changes in

6
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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. fly 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 dB 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. ff. (1974) Acoustic-Gravity waves in the upper
atmosphere, Rev. Geophys. Space Phys. 12(No. 2):193.
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"lien the local oscillator is mixed with the 360-MHz satellite signal it is

actually the 9th harmonic that is used, thus making the 2 K~lz difference frequency

18 KHz for further processing at the mixer output.

At this point the system has produced a 2-KHz signal carrying the 40-MHz

phase information and an 18-KF{z 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. 0. 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 ¢(Tr) cycle out of the

correlator represents 400 instead of 3600 of the 40-MHz phase change. See

Vigure 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 sinusoidal

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 t0 through 13), the ambiguity can be

8



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

system uses 60 lz because of future intentions to drive a clock motor. It 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 (0-11z

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-liz 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 (r) = l/T f(t) g(t -'r) dt and

cos Z(T) = I/T *otf(t) g(t--r)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

900 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 t.1 t) (sin '; 2 t) and box

16, (cos 1 t) (cos 1 2 t). Summing the two outputs (box 17) yields the trigono-

metric relation, cos (' t - 1 2 t). Amplifying this signal into saturation obliterates

the cos function and the output is then t(: - t'2). Thus the output of the summer

and amplifier when,,; = K = 60 Hz and j 2 1 Hz is a 59-Hz sqeare wave which is

just another way of saying a 60-Hz constant amplitude voltage is changing phase

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

The multiplication by I/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 60-11z signals produces

a phase ramp for each 400 phase shift between the two rf signals at the antenna,

that is, 3600/9 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 60-11z signals are fed into 32 to I digital counters, (boxes 19, 20). The

counter output, operating from the 60-Hz oscillator, supplies a pulse to repeatedly

9
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start a very linear ramp generator (block 21). 'This is a sawtooth voltage with

repetition rate of approximately" 0. 5 cycles per second, that is, 32/n0 liz.

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

instantaneous pulse from the 32 to I 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. [or example, if it

takes :12 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.

l:arlier in the text it was mentioned that there was a reason for using no iFz

in the coordinate converter. The proposal is to develop a complete diurnal curve

of the total electron content using electromechanical techniques. If the two 60-11z

voltages (blocks 12 and 17) are used to drive clock motors, the output shaft of the

signal 60 ilz will rotate slightly' faster or slower than the standard 60-liz motor,

depending on how fast the phase is increasing or decreasing. 13y 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 arid changing TEC. 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 b-y. potentiometer discontinuity.

10
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1'he( equiv.alenlt thin phase scroen- is a popular concept used by iono-

sph1eric scientists for explaining, in) miathenmatical terms, amplitude scintillations

oil rf signals propagated through the ionosphere. This is a sc reen of negligible

thickness that would produce the saine phase variations onl the rf signal as the

act ual irregular region. T he assumnption is that the signal leaves the thin

scre en, fluctuatinig in phase onlY hut, as the wave propagates b~eyond thle screen,

amplitude fluctuations develop fromt the summation of the deviated phase signals.

Recent measurements made onl ATS-Fl geostationary satellite signals coml-

paring! 40- \I1liz phase with am plitud e show that application of the equivalent thin

sc reen tlheor,% is valid for only- a portion of the (data. D~uring a 13 -day active

period of ionospheric scintillation in November 1 974, data was cemputeri 7 'i to

moake the above comparisons. [he results qhow that durinig the periods of

an p1it ode Scintillation, phase seint ill ation existed onlyv 53 percent of the time

(Figu re 4). Thus, if the amplitude scintillation at the antenna was not the result

of ionospheric phase scintillation dluring 47 percent of the time, another theorY is

required to explain tihe results. To conform to the data as presented onl the strip

charts, the responsible mechanism miust allow both enhancement and attenuation

of the if signal. Past i iwest igator8 studi ng large-scale irregularities have

2. Iti-,iI. il. (1 966~t) Hirief review of scintillation studies, Rladio Sci.
I (No. 10): 1163i.
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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 theory. Also, when a moving ionospheric structure focuses an increase

in energx- 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. An example of

amplitude scintillation accompanied hv phase scintillation is shown in Figure 5;

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

angle , was in excess of x degrees for the 13-day period. The snoot:,ress of th.-

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 he such a distrii)utlln

at the specific region where the rf ray penetrates the ionosphere. It is more

likely that, statistically, there is a linear distribution being affected I, a dimin-

ishing power law.

3. Slack, F. F. (1971) Quasiperiodic scintillation in the ionosphere, J. Atmos.
Terr. Phvs. 34:927.
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The Fresnel formula, vt ,rfn).r states that when the lateral distance in the

ionosphere between 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 n at the receiver distance r. If

:0 /2- is substituted for n, the equation can be solved for phase change 0 instead0 

0

of integers of wavelengths. Thus with rearrangement and substitution, the formula

becomes

13
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-(vt)
2  (1)

0 r

I'ribm this it is apparent that the change in phase resulting from a linear distribu-

tion is proportional to the square of the ray separation distance vt. Looking again

ait tin' graph in the region of * > I rad, the curve closely follows a square law0

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-

spheric sc intillation is produced by either a superposition or a distortion of quasi-

periolic events. These are the irregularities which, when isolated, develop a

charucteristic *ringing' Iresnel pattern as displayed on the amplitude channel of

ai chart recorder. I '5, 6 They fall in the region >> I rad, and the curve would
0

have to be extended significantly to include the uncontaminated, isolated examples.

"h" regio)n of 0 < I rad is where, according to Ilewish, and generally

accepted 1h, others, the projected irregularities have the same scale size when

m1 easu red on the ground as would be the case if measured at the ionospheric level.

I{ere the curye is quite linear, as One might expect with a linear distribution of

irireasirid scale sizes, because the change in refractive index, and thus the change

in phase, is irectly proportional to the electron content in the irregularity.

A r On CI L iii refercring to the two rej irnes as weak scattering where " 0-I rad

alI str'ong s(,attering where > I rai shovs that there are periods when the two

cg,'In s e X St Si m ltan(,ousl. l'he graph supports their findings hv displa.ving a

g radual transition from linear to a characteristic Fresnel curve in the region

bet weeni 37 and )0° .

[The recordd data does not differentiate bietween positive and negative phase

deviations, so Ihey all have been lum ped On oiie side in the graph. Since " 0 is the

-e-sult of a c(han rTing refractive index about a inc an level, a complete graph should

iclude a rinirror image of itself in the negative direction to more accurately

pirtraY the process that produces the pha 2e scintill:tions. This is taken irnto

c(,nsideration in explaining the non-lineacitx of the curve close to zo : 0. It is

similar to tiie zero beat that appears on a traveling ionospheric disturbance

4. Flkins, T. .7. and Slack, F. lF. (1969) (bservations of traveling ionospheric
disturbances using stationary satellites, .I. Atmos. Terr. Phys. :1:421.

5. 'ritheridge, J. E. (1971) The diffraction of satellite signals by isolated iono-
spheric irregularities, J. Atmos. Terr. Phys. :3:47.

6. Kelleher, R. F. and Martin, 1'. (1975) l-resnel-type fading on satellite
records at low latitudes, J. Atmos. Terr. Phys. :17:1109.

7. flewish, A. (1951) The diffraction of radio waves in passing through a phase-
changing ionosphere, Proc. 11. Soc. A209:81.

8. Aarons, J., Castelli, J. P., and Kidd, W. (1962) Cygnus rise and set
measurements at VIIF and UII, radio frequencies, Proc. Internat. Conf.
lonos., 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 Z < 1 rad.

Since the electron content is decaying 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 o < 1 rad,

because adjacent areas would produce only slight differences in refraction. As

the decay cycle 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 T scintillations in

the regime :0 > I rad. Briggs in writing about "the equivalent thin phase screen'

and its application to scintillation amplitude, summarized by saving, "This method

will give useful results if 0o < 1 rad. When 10 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

Zo 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 by focusing or reflection surfaces, that is, Z scintillation is almost

nonexistent, and when it does occur it is likely to be in the regime t 0>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 genera] is

a matter of conjecture.

4. TIlE TRAVELIN(; 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.1

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. Further, 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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Figure 8. TEC Slant Column

-: 24

I.c), tis conclusion consider 11cc diurnal curve of the total electron content

(I worc. 0;. This is tlic sumi of all the phase ramps into one continuous 24-hour

t,. Since there is a direct correlation between TEC and phase, the ordinate

ticuVe Call he calitirated in the number of electrons per m2 column between
ii -,tellite and the receiver. I'ohirinceter data has been used this way for a

(d ,fc ars but uses tie relationshiip between TEC and FaradaY rotation and

id\ iout 10 percent as seiisitiic, to tile changes in the medium. Also the

k.,ieter nicaSureICs tile lcI'arwla rotation only to the range still influenced by

( 11it a agnietic field. tteceanse Of this difference the electron content, as

I -kied ti\ thle polarinmeter, Sthouldt never exceed the differential phase ri~c

J. S0r11cnt . Since the figure coot rachiote this fact, it appears that the wrong

I et'k x aItu was selected in thle hiolarimniter analysis.

Ii fl.igure show s that tic 'Il) produce equal deviations about the median of

I (Ll i ('. Ih [5i' tllitos t hat tlie.c has becen no net gain or loss in the total

1. 1 1 "1 contenot, nu I tat the eloctI ions have been diffused away from tie stt -

t 10.1 I I iiiplgat i on patti ond then compressed b~ack again. If the compression

lilt 111SiOli %Ver' inl tie direct ion oif the rf path, the data would show no change

i*,( total elect ron content column when 'I'll) are present.

Sice the ion gyrofrequenci. is much higher than both the ion neutral collision

ft qtjeijc and the wave frequenci\, the charged particles can move only along the

iijitic field lines. IThus ionospheric oscillations are induced more easily by

lIt(b aligned perturbations. Combining this information with the above presents

tle hypothesis that the extent of TVI) influence on the rf propagation path is

latitUde dependernt, being maximum at the equator where the satellite -ground

pitopagation path is normal to the magnetic field lines, and minimum in the

nrthiern latitudes where the ray path and field lines are more closely parallel.
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f (,(,os, (-,cludes other factors that may be more overpowering, such as

il., TID haviing spent its energ) by the time it reaches the equator.

'Re ATS-, satellite elevation angle at Sagamore Hill, Hamilton, Massachusetts

-, U.". The magnetic (lip angle is 730 . Therefore the rf propagation path crosses

the magnetic field lines at an angle of 370 . It follows that the magnitude of the

electron flow, normal to the propagation path, is sin 370 x the magnitude of the

electron motion moving back and forth along the field lines as they respond to the

TI) wave motion. This compares with sin 900 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

gi ;tdients in the direction of the TID motion with maxima and minima representing

I ositions where the rate of change of electron content goes to zero. Zero angular

fI ract ion (no bending of the rf ray) would appear when these points are centered

, e ray: iore specifically, when components normal to the ray have reached

( ( nditk in, that is, the integrated column of electrons are equal on opposite

- of t m , in the incident plane. It follows then that maximum refraction

, 't i -hen the rate of change of electrons is greatest during the steepest part

o I, 'Ti) w;eni. This is Just what the recorded data shows, except that these

.. -,lons are slightl\ offset by the ever present diurnal change in total electron

content.

lhe earlier section on the equipment shows how these physical interactions

I I nslated into electrical measurements that are displayed on a chart recorder.

Setlor understanding is provided by studying the diagram (Figure 3). The dia-

i ,, represents conditions in the ionosphere where the satellite is directly over-

t;,i; the magnetic field lines are at right angles to the rf propagation path, and

tl 'II) direction is also normal to the rf propagation path. The figure shows

%, lhet happens to the rf ray as a TID influenced electron gradient moves across it.

N,, tending occurs at the maximum and minimum positions where there is zero

gr'atlint. 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
or 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).

17
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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 12800 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 400 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 ra' 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 number 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 cycles per

unit time.

Doppler theory adequately explains 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 ray 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:

(I) Changes in electron density, assuming height

(2) Slab thickness, assuming height

(3) A continuous measurement of phase velocity

(4) A continuous measurernm.nt of rate of change of TEC

(5) A continuous measurement ot 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 400 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 0i is sufficiently large; (2) the medium is lossless; (3) the phase is

18
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Figure 9. The Geometry for the Case
W'here the Satellite Is Directly Overhead

and the TID Direction Is Normal to the
rf Hay

measured at a distance sufficiently far from the inhomogeneous medium; and

(4) the media vary slowly compared to a wavelength. These conditions exist

for the data presented. The first condition exists because gradients normal to

the ray path caused by the TU) are considered to be the dominant influence on the

rf ray: therefore, the incident angle I i is measured from a line normal to the

gradient. Figure :3 shows that 1i is always very large going to 90' at both the

crest and trough of thre TID. Since total reflection occurs in all dielectrics at

the graz inL incident angle (900), the principle of reversibility l 0 can he used to

explain the phase reversal at both the crest and trough. The principle of rever-

silility% 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 rcc i,ls at both the TID crest awl trough

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

,;ource 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 TIi) direction is

normal to the rf ray.

9. Papa, R. .1., private communication.

10. Jenkins, F. A. and White, 1. E. (1937) Fundamentals of Optics, McGraw-
Hill, New York.
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Solving the geometry yields some important relationships:

r z -_--and
2ni

vt -, 2 r. (2)

This is recognized as the Fresnel formula when n = 1, and states that the ray

separation or closing must have traveled Lt in order to change the phase 3600 at

the distance r.

If the incident angle i is measured from the path 1t, a line normal to the

TED gradient, the relationship vt/r = cos zi is important, because it accom-

modates the introduction of an equation derived from Snell's law, cos 0i = fN/f

where f. = plasma frequency and f = the propagation frequency. From the

Appleton -Hartree equation: "2 X = I - (fN/f)2 = I - KN/f2, where the

refractive index, K = (e2/4_ 2 C0 m) = 80.6, f is in Hz, N = number of electrons/m 3

at highest density point. Combining these equations gives:

f N IT "-.'6 N

-.r6N Vt 2n ncos t T- r Vt

2n f 2  nX f2r=--6--r or N =-4-0T 3

The last expression states that if the range to the point of highest electron
density is known, the change in density caused by the TID can be calculated.

However, it must be remembered that the equation represents condtions when,

the 40- and 360-Mitz rays are separating at a linear rate, and it is only durirg
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 pha.e 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

20
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Figure 10. Changing Phase and Polarimeter Ramp Ratio Caused by Series of
TID

interferometer analysis on the higher frequency (360-MItz) 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 TTA 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 anglf

(including grazing), as opposed to the normal, less disturbed vertical gradients

with incident angles that are much more acute. This is in accordance wvith

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 m 3 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 ranips varied luring 11w lay. Since both were presumed to he

a measure of the electron content in :, square meter column between the sate(lite

an the receiver on the ground, except for a small difference caused by the plasma-

shlere, it was expected that this ratio would he nearly consttiit. This proved to

be a false assumption. The two measured extremes are 7 to 1 and 4 to I . Shown

in the figure is a ratio of 4. 5 -: ramps to 1 polarimeter ramp and a ratio of 7 to I

at an earlier time.

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

" 40 M -z24 "

where number of 360 phase shifted cycles between the low frequency and

the high frequency and m z 360- ,llz/40-Mtlz. The ramps displayed on the chart

record have been divided down and represent 120 of differential phase, making

one ramIp equal to 1. 07 , 10 15 e/m 2 column.

The formula for converting the polarimeter measurements to electron content

is N = -/(K/f 2 ) I cos R and one ramp equals 3.7 - 10 1 e/m 2 column. The dif-e
ference between the two measurements is important. The differential phase

system measures the electron content in the total path (the ionosphere plus the

plasmasptere) 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. 21 , 01 2

column in the differential phase system for each 3.7 x 101 5 C/12 column change

in the polarimeter system. This leaves a change of .58 / 1015 e/m2 in the i 2

column between the magnetic field and the satellite, which seems to he high but

perhaps reasonable. However, when the ratio becomes 7 to 1, it represents, in

terms of electron content, 7. 4 1015 el 2 to 3. 7 1015 e i 2 which states tha!

one half of the electron change in the m 2 column is in space beyond the influ-nce

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 TLD records were

given closer inspection. Figure 11 is a 2-hour graph of the differential phase,

polarimeter ramp ratio vs. time. Each low point corresponds with the point of

zero angular refraction where the phase reverses direction and the electron dif-

fusion is greatest (Figure 10). The high points coincide with periods of highest

phase velocity (maximum angular refraction). This gives convincing evidence

that the presence of the TI) is responsible for the changing ratio. It is incon-

ceivable to think that the TID could double the influence of the magnetic field,

22
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iil~r ( 1 hanLing Phase and 1'olarinseter Ramp Ratio Caused by TII), Also
Sliowi i4 influence onl Slab T1'hickness

and unlik('l, that the 'I'll) would encounter sufficient plasmasphere electrons to

produce twice the refraction. Trherefore, thle conclusion drawn from thle above

excrcise- is that the differential phase formula for calculating electron content

is; liot valli InI tile presence of 'liD, because it produces horizontal gradients

that dtominate the phYsical interactions; thus, thle angular refraction is better

represeinted 1). the derived formula for electron density.

5. NI)IITION %I, (AI'MI': OF D)ISCREPANCIES IN' TIlE FARADAY/Lt RATIOS

S1,ith has noted a diurnal variation in the ratio of Faraday rotation - to

electron content I of uip to to0 percent at Puerto Rico. Kersley and Sawhrook 1 2

report similar discrepancies in Great Britain. Davies et al 1 3 are in close agree-

mient with ATS-(; pthase modulation and Faraday measurements at Boulder showing

a 37, percent diurnal discrepancy. 'rhey suggest that the changing 71/I ratio -may%

hie (toe to thle diurnal variation in thle effective height of the ionosphere, the :35 per'-

cenlt representing a change from 580 km to 1200 km.

The( tHanmilton, Massachusetts records were inspected for a changing (diurnal

-/1 ratio, hut none was found in the six available June records. However, it is

apparent in the January 12 'FEC profile comparisons (F-igure 8) that in the early

IISmith, 1). It. (1970) IMurnal variation of the miean Faradav factor at
Areceibo, t1. Geoph, s. ties. 75:823.

12. Kersle.N, I.. and Sawbrook, i). J. (1971 ) D~iurnal changes of thle mean
lVarada 'N M -factor. Joint Satellite Studies Group Report 1:.57. Instituto
di 01nide E'lettromagn eticbe, - ------T-Iik

1 3. D~avi es, K. , F~ritz, R. H. , Grubb, It. N. , andi Tones, J1. E. (1975) Some
earl ' results from the NI'S-1 Radio Beacon Experinment, Iiadio Sci.
l0(No. 9, 1 0):7t85.
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a Figure 13. This Changing Ratio
Conforms With Theor' (K/f 2 )'
Ne If cos e ds Mhre - Number
of Polarimeter Ramps, If = Mag-

a netic Field, 6 Angle tietweer
I1 and Ray Path. 6 Was Increasing,
Thus cos q \Was Decreasing. The

- "Number of Differential Phase Ramps
- Is Independent of the Magnetic Field

morning hours from 0000 to 0500 LiT the phase is increasing and decreasing much

faster than the Faraday rotation, showing otlues that indicat, ahout 30 percent of

the electron content is in the plasmasphere at that time. I'his would certainly

show a much lower 2/I ratio and indicates a greater effective height during this
1 3

period, agreeing with the reports by Davies et al.

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 ang4e as the ATS-6 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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>i~lc, 11c f(ll te. Ce !I ph(Se data dutilo' Ill) is Consi stent kvith the f(n rmilA -l-

also 1issii. If potlailetcr data is wavailable to measure r'ej oll COntenit

Dliint lot electro(n conltent cotntajined in the 'Ill) wave froill the trouLd, to

tile crest (as ile.i-urei b., the polarimeter), byv the electronl {ietsi'.v for the san-

pe-riod (hieiiso-ed h1% the .- method), yields the slab thickness. The rat io, ljsini!

tile pai'ame(t, 15 l\i earlier, reduces to:

(no. of! 1 O polarimleter ramps) (3. 5- h)

(no. of 1 280- differentijal phlase ranmps) (sec 7.)

wh~eret h is the Ile itt llnt z is the zenith angle. It is suggested that this ratio is

the 501110 as tilt ratio of F IK( to maximium electron density at the tim 100(f 1110

rtteasn rotten?. ThIis formula can be used to as sign values to Figure 1 1 , wich

n10W ihecittles a vtlr- graphic portrayal of the slab thickness profile showing t he

tretmendlous influence a TLt) has on the ionosphere. IUsing 400 kml for ht and I . -4

for sec Z, it Liives values of slab thickness of 1 26 koli to 202 kmn. These values

are practicalt\1 tile sante as tile ranges reported bv Tv agi and] Samavajila 14

usinig the ratio IIKC/ max electron denisity. They reported a range of values

fror'l 12 25 to 200 kill at I )elit i. Hlowever, values reported by ' , loiluchar and Allenl,

With COTn lined data fromt two locations, are higher. Thei r analysis on) data taken

for 18i months in 19'67-1968 Yield a wide range of values with an annual mlean

value oif 261 kin. ihev doi caution tttat thet values suffer somewhat froml tile fart

that tile '1 I data were taken alongv ti oblue patit to tile NF 3satellite fromt

Hanmilton, Massachusetts,*whl the N mxvalues were lderived front vertical

iiieidience jomisondes fromt tort tleltti r, V irginia and Wallops Islandt, Virinia.

It upped jrs thiat nmore comlpa ri son tiata will hre r'equi red to diet erm ine tite

val lditv% of 1to hyvpothesis that the, cha~nge in the Il) electron content,* divideti h-,
011 Cl IIV tl11fiit',isequivalent toTONMxI h followirnuxris uc

gest s t hat tl(((ret icall% titeY are tue san, e.

14. 1 yogyi, 1 . Rt. and Saii uvajutti, Y. V. ('6)Some results of electron content
mea,'SUrentents fronm Faradav fading of S-66 transmissions, Radio Sei-.
1: 112 5.

I 5.ubr 3~(t~~.....nid Allen, H , . ( 1970) A\ first -order predict ion mondel of

toItal elect ro, ront ent g-,roup path delay for a midlatitude i onosphtere,
AtVttt. Reptort 7f0-04i)3, .Air Force Survevrs in Geophysics No. 222.
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I\llI iiblui1,zII( ll ellen aiIaI a I% 5 j ho e I, hat thet lproliatf2attil I(m tIela %

li)* I \( \'ere" \,If - V 1.1 o10 .lii slat 'olufinn.

it is silov-l tll~i \ 1 ri 2 1.t). ,r rher I Icrr I~-t I./ a r h S

>1014' there' is (III\ om.l .1* relpruseitiriO_ 1114 lelO\ Ili prl)rllit iliroii u(est

to trl'(ltil il) the'Ii) Iresp'ctive' of tihe clIsI', tie' two rll f rCi

equalted, whiici yields r 'I N/il [his it is showni thit suchi a rckl ori lli

prothilv1 s tite formulla for the equi'.alunt slabi thickness; liowever, Ili tis east- tie-

ilitei~ratioii Is Ojld, tnt' og the 'I'll) interval from crest to t lOulliI, L lt \ i'pre-so,:i

the changie III eiectiiiii dltsitY for the sawle pieriodl. [is I- tilhe~iZIii l

COInLiuil oIf lengl-Ih r, With 14 Uniform lktlsit,, of elec-trons, tha~t is iflwr Olli(5*

lull' or diffl-sed LRf'oilo tile equlivaLlent Ill- colluiii0 reprt'l5(iliL the total

led hailo cototent with i a oiforiii malximumn 1tensit.\. ltio quest iotj is, Are ttiC\%

t'rcl\tllO saillie lti lT aiilN sis shoIws that Lit least tile\ aire Ii the solle

o:pIII n i gorUIe 10 With FiIgure I I shows that the lowv points cointc idie wi th

ilies (If IllaXI III uIll dffusioni and zero angular refraction. The indlication is that

all i2rerltit liortial to thle rf rom have inonientarilv disappeared, so) these are

the per'iodls wtien tile differential phase formula for H&C is valid. Thuis, if

eonpaisons are, miale bet ween the 11I C diurnal profiles of hoth systems to

ii ealSUre' thle elect ron content in the space between thle ionosphere, i nfluenced hi\

tihe earth' I ilagiietic field and the satellite, the 'I'll) troughs would te accurate

positioiis from whi ch to 01 ake such mecasuremients. As illust rated in thle figure,

tie trough pOsitions produce tile more stable and consistent values, indicating

that thle averaged tiet JT IC beyond tile magnetic field remains quite conistaint,

even though ioOslpleric perturbations aire present during this period.

It. % St NHISL PIIIE%ONIINON

0aveies et al I:, using Varadav and modulation phase data from an Al'S-fl

experimnent, have illustrated an interesting sun rise phenomenon. The., have

showvn that the start of thle I'aradav l'JC increase precedes thle start of the

modulation phase T11C increase, varx ing from less than I mrinute to 1 5 minutes
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ifI'hc iifulaf ilai piis iiieaiiurement, like, the diffet-rtial ruhase
I: (I ot4d late, Iiastreil the ll all till wa, to the satellite.

Ie ,-IIIcAIfo Ii lliiiluf4 wa.s It I I1teIi to a Iloweriiig Otf the effect ive I ieitiit of the

eli~~t III., 10A toaliteit staris to 11icrlouse.

)III, il, o)itI mVl( wied for, this5 sminse1 lheilomenmhii. lhqewere si\

:viIiI- icri Vith SIre LIltarceils i ii(t-diiit of tiotli phase and I-aradaiv lie

C-iparLsoti 4 the rAlS-6 difforeiit il phase pr-ofile vitti the ,\lS-:" lir'ada.

pi-f'tl hrI .aruar% 1 2, 1 7 - (I ioire 10) stiows that a haiie poi-tiol of the lcton~i

(i il.t i'-, I the -~ iijlr for se\ eral hou-s hefo sOmrise, reaching a

1wl ,~I' il t~ ~l i0 (If the total iit Ottil '. Fh(- data LiLi)o Indiicates

,fIIr IShar11p IemIIIaltcatiori[ lew %-4-i t Iil lor,,isphiere atld the plasihiaspllr-c lurn

this lai.I Is iislalito iceo'v that the excess electrins were still

111%%I 1. I incjte theII I IeVUorIt tsnie thi~eix liiworiiit the e-ffective heigiht of the

U i~!imwpec t 11Wv iiroiilin hal act uall% starltet, as stiggesteil b% Davies

hi. t1 hI O lt' 11 IIil Il j1hiaS.- u~. iti andI thle diffeireit il phiase

iasiiiiit , :/it I ClUI-S W11011 thel I' i ( Qat (I qnlS the0 lOs

ra \i- oulder , an ~xiit- \%-as given sho~wing I. to he -2. 16 v 10 0 -seC t

!!t th iii\ima 'isal. III accor-dance with the above stiitein'rit at

2:/ i,( 2.1 1 12''in sec Ijust after sunrise.

11A1Iaiiilr, \lasqaihusetts recirits w-ere anal~ zod for the electron

priiitictiall rate. Fito aiial% sis % eldedl values of Q( 2. 1 '1iand Q 2. 21
Itt112 111 - 2 ecI , aVgreeinig favocail\1 with the lioulder, ( 'olorado measuremno' at

9. P11 %4. % AWT

The liner. iiaiI In I.ir It) S 0)
1 alial:g. OUtptLit if a circuit counting

the iilie1her- of ;0 CyclfS es ec o. Thereofore, it is a ivleasure of the phase

velocit', Nocte th'i.t if evetr\ ott peyak is inver-ted, the trace approximates a

sl wsinev wave it) iut ;f hase with the trace of thre differential phase data.

showinizIt to hie the fir'st dlerivative oIf tue liliase analog (thre suninut ion of the

phase ramps). When it was first recorded, it was calitirated to read till rate of

(I ange if elect ron ciontent pI) r mh- column ii et ween tie eat-th and satellite. f low -

evVVr, iii View of the niew iterpret ation)1 of the phase data oring the periods of

I'll) gradli etts, it is iore accurate to calibrate tihe dlat a to real rate of change

of electron derisitY (electrons pert Ini 3 at ihighe'st ilisit'v region.
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