i e v s n

ey

”

/,/7;1_ 3,734’4
A VERY HIGH FREQUENCY RADIO INTERFEROMETER -
FOR INVESTIGATING IONOSPHERIC DISTURBANCES .
USING GEOSTATIONARY SATELLITES o

e -0

by

Robert Terry
Bernard J. Flaherty

Technical Report No. 45-1

DETERMINATION OF CHANGES IN EXOSPHERIC = . .
ELECTRON CONTENT BY A COMPARISON OF
GROUP DELAY AND FARADAY ROTATION

by

Richard E. DuBroff

Technical Report No. 45-2
March 1972

Sponsored by

National Aeronautics and Space Administration
NGR 14-005-002
Ionosphere Radio Laboratory

ELECTRICAL ENGINEERING RESEARCH LABORATORY
ENGINEERING EXPERIMENT STATION - P

UNIVERSITY OF ILLINOIS

-URBANA, ILLINOIS 61801

L



UILU-72-2539

A VERY HIGH FREQUENCY RADIO INTERFEROMETER .
FOR INVESTIGATING IONOSPHERIC DISTURBANCES .y
USING GEOSTATIONARY SATELLITES

by

Robert Terry
Bernard J. Flaherty

Technical Repoft No. 45-1

DETERMINATION OF CHANGES IN EXOSPHERIC
ELECTRON CONTENT BY A COMPARISON OF
GROUP DELAY AND FARADAY ROTATION

by

Richard E. DuBroff

Technical Report No. 45-2

March 1972

Sponsored by

National Aeronautics.and Space Administration
NGR 14-005-002

Ionosphere Radio Laboratory

ELECTRICAL ENGINEERING RESEARCH LABORATORY
ENGINEERING EXPERIMENT STATION
UNIVERSITY OF ILLINOIS
URBANA, ILLINOIS 61801

(Technical Report 45-2, DETERMINATION OF CHANGES IN EXOSPHERIC
ELECTRON CONTENT BY A COMPARISON OF GROUP DELAY AND FARADAY.RO-
TATION, begins on page 64. This report has its own pagination.)



/. .
A VERY HIGH FREQUENCY . RADIO INTERFEROMETER
FOR INVESTIGATING IONOSPHERIC DISTURBANCES
USING’GEOSTATIQNARY'SATELLITES

by:

Revert Terry
Bernard J. Flaherty

March 1972

Sponsdred by

National Aeronautics and Space Administration-
NGR. 14-005-002

Technical Report No, 45-1

Ionosphera Radio Laboratory

ELECTRICAL ENGINEERING RESEARCH LABORATORY
7 -ENGINEERING-EXPERIMENT STATION

UNIVERSITY OF ILLINOIS
URBANA, ' ILLINOIS 61801 .



ABSTRACT

This report deals with £he theory and development of
a VHF correlatioen radié'interiérédéter for ihvestigating
ionospheric distqrbances: Thefsyétem w;s dgveloped to
receive signals_ffom the geostationafy.Appl;cation Tech-
nolqu.Satellite-series satellites. Amplitude and phase.
variations of the signal passing through fhe ionosphefe can
be detected by this instrument:

The system consists of two superhetrodyne. receivers
separated by a distance known. as the baseline of the system.
" Since the system ig a ppgse sensitive instrument, the local
oscillators of-thefgwo:rgcéivers-must be phase.coherent.
This is accemplished by uéing phase-locked loops for genera-
ting the. local oscillators. The ﬁ?stem uses a freguency
-synthesizer as a stable reference source. All freQuencies»
‘generated in the system are phase coherent with this soufce.

TQe two signals from the separate receivers are cross-
correlafed. This is_accomplished by multiplying the two
signals together and then time averaging the. result.-

The system developed usés the principle of. frequency
off-set to increase the sensitivityvof.the instrument. This
is aécomplished by off—settigg onevof the local’ oscillators
by a-ShéII”émbﬁnt;“'THe’Gutput;of'theimultipiier—nOW~conr~,»_m, L
tains a signal component whose frequency is equal to the™
amount of- the off-set. This signal contains the amplitude

and-phase information of the multiplied signal. Duel
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channel correlation is accomplished by using quadrature
phase detection_of-the multiplied.signal. The integrated
output of the phase detectoré represents the sine and co- -
sine components of the correlated signalé. The effects. of
amplitude and phase variations can be separated using

coordinate conversion techniques. .
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---the ionosphere can be detected using the principles of inter-

1. INTRODUCTION .

The first section of this work presents a review of the
basic operating principles of the correlation type radio-
interferometer as applied to the monitoring of geostationary
synchronous satellites. The basic interferometer consists
of two spaced receiver sites. Signals from an external
soﬁrce entér the system at the receiver sites and are com-
pared by cross-correlation or multiplication. This system
is very sensitive to a change in position or- apparent
position of the source. This is because the spatial response
of the system combines the individual directivity of each
antenna site with that of a multibeam fan. The individual
beams of the fan are comparable to that of a parabolic dish
with a diameter equal to the receiver site spacing. [Clark
and Frost, 1967].

Because of their phase sensitive characteristics, inter-
ferometers have become a valuable instrument for use in
the investigation of the ionosphere. Its use with synchro-
nous satellites is one such example. The synchronous satel-
lite is a relatively stationary, coherent deterministic
source. Variations in the ray path length from the source

to the receiver sites occuring as the signal passes through

ferometry.
The second part of this work will deal with the design

considerations and construction of a short base line inter-



ferometer. It was built to investigate the nature and
occurrence of amplitude and phase scintillations of the

signal received from a synchronous satellite caused by

the ionosphere.




2. THEORY OF A SIMPLIFIED INTERFEROMETER

A simple idealized interferometer consisting of two
spaced receiver sites is shown in the block diagram of
Figure 1. The system shown shares a common local oscil-
lator. (In systems where the receiver spacing is far apart
and separate local oscillators are used, it is necessary
that the local oscillators be phase locked together or to
a common source.) The local oscillator signals must be
phase coherent, otherwise the output of the multiplier-
correlator will contain the unwanted phase variations»
between the local oscillators.

Assume a distant point source, such as a synchronous
satellite, is radiéting a monochromatic signal at some
frequency fo' The point source is oriented at some ele-
vation angle 6 with fespect to the baseline of the system
as shown in figure 1. The superhetrodyne outéut of both
receivers will be ét‘some intermediate freﬁuency fﬁu Since
the local oscillator is common to both receiveré, the out-

put of receiver 'A' can be written as

Sma = A sin(wmt + ¢ + ¢ra)'+ Na(t) (1)

and from receiver 'B'

o Smjo,= B sinf{wpt + ¢ + ¢4 - ¢4) + Ny (£) (2)

Definition of terms:

W, the radian IF frequency of the output of the
receivers
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¢ the phase of the transmitted signal from the source.

t time
¢ra\
6 the phase shift in receiver A and B respectively
rb
¢s . the phase shift due to the electrical path length
AX (figure 1)
N, (¥)
} random noise terms
Ny, (£)

The noise terms are due to sources external to the sys-
tem and also self noise generated in the receivers. This
noise exhibits a broad spectrum but is limited by the IF
bandwidfhu(Afm) of the receivef.- If thé 5édeaés ofwthe
receiver is considered to have an ideal rectangular band-
pass, then the noise can be treated as bandlimited white
noise centered about the IF frequency as shown in figure 2a.

In a well designed sys;em the phase ¢ra and ¢rb are
made insensitive to teﬁperéture and thus can be assumed
constant. The transmitter reference phase ¢ is the same for
both receivérs. It is therefore convenient to lump together

the phase angles to give

6= 6+ 6. and b=+ o - b

The outputs of the receivers can then be rewritten as

S

g = Asin(e t + ¢ Y + N_(£) "o (3 -

S = B sin{wmt + ¢b)+Nb(t) o : (4)
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Fig. 2a. Frequency spectrum of the input signals
o to the multiplier.

4 A?‘B_cos(d?a-cﬁb) )

-2 fm 0 2¢m

Fig. 2b. Frequency spectrum of the output of the
multiplier.



A spectral analysis of these signals is now presented.
They are composed of two parts, the deterministic signal
from the source and the noise férﬁé théh are statistical
in:nature; Sihce the ihbuts of the receivers are identical
except for a phase difference, only the 'A' receiver will—
be analyzed. | ) ‘

Since Na(t) is considered bandlimited white noise,. its

power spectrum is:

Af
. —_ . R m ‘ 3 .
b (E) = [N £ R <|£|<f, + OE /2. (5)
_0 otherwise

The autocorrelation function Rna(T) of this bandlimited
white noise can be found through Fourier inversion. [Thomas,

1969.1 The integral is given by ™~

PE M E
- £+
R (1) = [ N &I2TET 4¢ 4 J N J2TET. 4¢
na 0 0
AE AE
—f -1 £ -0

The result of. the integration is

sinnAfmT
“..R__(1) =.20f N =————cos 27f T - - . (6).
na m “AfmT m

Since the noise is uncorrelated with the signal, the

autocorrelation Raa(r) of the'source'signal is the time

average because the signal is deterministic, [Thdmas, 1969]

R,,(T) = AavVE {a sin(qmt + ¢,)A sin(mm(tv% T5.+ ¢a)} (75

where AVE represents the time averageiéf the product.



This reduces to
A? -
R,(T) == cos(wmr) (8)
Taking the Fourier transform, the power spectral density
is
AZ

ban(E) = S5 [6(F + £) + 6(£ - £)]

The total spectrum of the TIF output which includes both
noise and signal components is shown in figure 2a. The
signal to noise. ratio can- be found using the following
relation- [Lathi, 1968].

R__(0) o 4
R = .22 _ A? (9)

| Rna(O) 4Ameo

It is readily apparent the signal to noise ratio of
the system can be increased by decreasing the bandwidth
of the receiver, but in dding so the high frequency response

of the system will suffer.

2.1 Detection By Cross-Correlation Or Multiplication

As shown. in figuré»l, the two IF signals from receiver
A and receiver B are-multiplied and then time averaged by

the correlator. The correlator output is given. by

R.p = AVE{s _ - smb}:
Performing the multiplication we get

M - Sma "Smb“

M A s1n(@mt-+ ¢a)B 51anbt + ¢b)‘f-n01se terms

10



The noise terms are assumed to be uncorrelated, so.they
will not contribute to the time average of M. Using trigono-
metric identities this can. be expanded to

M= él23{3005'(<1>a' = ¢g) - cos[2uw t+ (¢ + ¢'b)']'}-f~+-ndis-e

dems' T
Taking the-fourier transform( the spectrum of fhé‘
multiplier output is : o
6(8) = 2Brs(Ercos (o, - 0,) + (£ + 2£) *
(£ - 2f )] + noisefterms g (12)

The spectrum is shown in ﬁigureAZb.« It consists of
line components at i2fm~and a DC term proportional to .
é%cos(¢a~— ¢b). The: spectral- linés are enclosed by a band. .
of noise lying within.the receiver bandwidthﬁAfm. Since the
noise terms are assumed to be uncorrelated, their timev
average value will be zerof,.The average value of the
sinusoidal signal at 2f_ is also .zero. Therefqre‘AVEfM},
which represents -the correlated output reduces to.

P - Rgp =‘§§ cos(¢a - ¢b) . . N ¢ 1) 8

" All the noise has been assuméd to be ‘uncorrelated, but
in reality even incoherent ‘noise sources from extra-terrestial

sources would also be- correlated and would be additive to-

expression (13). -S6 the multiplier outpﬁtlhés—a_ﬁéjferm_'
with a value lying within’ the range»ié% depending upon: the

value of the cosine term. The only term of interest is this
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DC term which is a function of the phase angle (¢é~; ¢b).
The high frequency terms can be removed from the multiplier
output by a low pass filter. This leaves the DC term in -
the presence of low frequency background noise. :The level
of this noise can be reduced by narrowing the o&e;all receiver
bandwidth.
Let ¢, = (o, = 6,) + (b = ¢_1)
(¢ra - ¢rb) is constant and can be negléctedlwithout a loss

of generality. Therefore let

oy = (¢, = 9p)

¢S is the phase difference between the two signals arriving
at the two receivers; given that the phase shifts intro-
duced into the signals by the passive elements in the
receivers and by the phase différences of the local oscil-

lators remain fixed.

2.2 spatial Response of the System

The angle ¢ can now be related to the geometry of the
system. Assume the antennas are located 6n an-east-west
baseline of length L shown in figure 3. The source is in
the west at an elevation angle of 6 degrees. .If the point
source is far away, the rays appearing at the antenna sites
can be assumed to be parallel. The electrical path length.
AX therefore represents the phase:differencef¢s. From the
geometry AX = Lgcose;and ¢s = ZHAX/Adfwhere>Ao =.c/fo.

Therefore. S e . S e, :
' ¢, = 2mf,L cos(8) (14)

C
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EASTA}% — B wesT
" (Baseline) ¢ o et

Fig. 3. The geometry of the interferometer system.
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¢s is a function of the baseline L, the input frequency,

and elevation angle of the source. If the baseline 1is

expressed in terms of multiple wavelengths, L = Nko where

N is the number.of wavelengths. Equation (13) reduces to
¢s = 271Ncosf |

By substituting the above relation into the expression for

the correlated output, equation (13), we get

_ AB
RAB = —5_cos(2ﬂNeose) (15)

The plot of this function -as a fuhetion of 6 will represent
the spatial response of the system. Figure 4 is a sample
élot in the first guadrant for the case-Qf L = 2\,. As can
be seen,;the_pattern exhibits a succession of lebeé; The
lohe‘width isra minimum in the vicinity of?90°‘and‘ihcreaees
at lower levels. The number'andmeizemdfytheee lobes aré” |
dependent on the site separation L. The.number of lobes

in each quadrant will be 2N, where N is the baseline in
wavelengths. As the baseline increases, the system becomes
very sensitive to small changes in the elevation angle 6.
Thus the system adapts well to the accurate tracking and
location of R.F. sources. An R.F. source passing through
this spatial antenna pattern produces D.C. fluctuatiens at
AB AB

5 and 5 This-

fluctuating output is known as fringing.

the output of the correlator between +—

It should be noted that the direction of motion of the
source through the antenna pattern affects the frlnge rate

of the output ThlS is clearly seen when v1ew1ng a three




Fig.

13,

4.

The spatial response 6f the antenna pattern
in the first quadrant for the case N = 2),.

6,, 8,, 6
the pattern.

,» 8, represent the null points in -
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dimensional portion of the antenna pattern generated with
omni-directional antennas shown in figure 5. This fan beam:
structure is viewed end-on in figure 6. A source moving in
direction 'a' would produce a maximum fringe rate whereas

a source moving in the direction 'c' would prdduce a very
slow fringe rate. Therefore the interferometer we have been
describing is insensitive to the motion of a source in a
direction which is perpendicular to the baseline.

2.3 Frequency- Offset

The direct multiplicatipn of Smg ahd'Smb described in
the previous section- has beéhlshéwn to cbnﬁain;bbth,the
desired correlated DC output and the undesired noise, It is
noted from figurg 2b‘that the desired DC output is embedded
in a bahd'of noiéejaﬁout”the‘zgro frequéqcy point. Unless
the signél-to.hoige ratio is high['a subétantial amount of
filtering §ill bé requiréd and the é&stemé*gbility to respond
to rapid amplitude or phasefChapges of"the ihput-signal will
be impared‘ -

In order to increase the select1v1ty néceésary for a
good 51gnal to hoise ratio whlle Stlll retalnlng the overall
bandW1dth requlred to pass 1nformatlon, a'system using
frequency offset and phase detectors can be used [Clark and
Frost, 1967]. The block diagram of such a system ié shown
in figure 7. The local oscillator‘ofuone,recéiver~is offset
from the other receiver- by a small amount Af. The ou;puts

of the two receivers now become
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.Fig. 6. End view representation of an interferometer
antenna pattern. {Clark, R. R. and Frost,
A. D., Fig. 11, 1967].
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Fig. 7.
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Block diagram of a simple interferometer using _
frequency off-set and synchronous detection.
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S

ma = A sin(e t + ¢a) + Na{t) (16)

Smb =B sin«wm_+ Awy t + ¢b) + Nb(t)

When these two signals are multiplied the result is

M = ég cos (Awt + ¢ = ¢) - é% cos[(2wm + Aw)t cos
(0, + o)1 + é% sin[(2 _ + Aw)t sin(¢, - ¢,)] +

‘hoise terms-

As before thévndise termsfére éonsidered téﬂbe uﬁcorréiéted
and do not contribute to‘thezcorreléted output. The spedtral
density of this resﬁit is»given in figure-8. It is readily
apparent that this local oscillator offset shifts the spectrum
of the correlated output by aﬁ.amount Aft. Thg amplitude

and phase of the'signal~at Af represents £hé correlation
between the s;gn§l inputs to both ;eqeiyersl“ The advantage
of this s&stem-is:that ;elective amplication can be per-
formeavby a Af amplifier, thus increasing the.siéhaiwﬁél

noise ratio. The amplitude and phase information is re- .
covered by usingutwo synchronously switched gquadrature phase
detectors. By using thgkqffsgtﬁfréquency difference betﬁeen
the two local oscillators as a reference driving signal to
the phase detectors, tHe phase détéétors.track the variations
iniphase of the correlated éutput. The output of the phase
detectors are then»integrated to remsve”the switching .
transients. The resulting. DC outputé are a fdnctién-of-the
phase shift between the incoming signals to the two receivers.

They are also a function of the phase angle between the
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° Af i 2f+4 f

Frequze'hgy —

Fig. 8. Frequency spectrum of the multiplier output
using off-set frequency.
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reference Af and the correlated components, and the product

of the amplitudes of S and Smb' If ¢. is the phase dif-
ma D

ference between the Af reference and the correlated Af, then

the output of one of the phase detectors can be represented
by:

AB
=5 cos 95 (17)

D

If A equals B, D is proportional to the power of the received
signal.
When the reference Af is shifted by 90°, it.adds directly :

to ¢D so that

D = é%’cos(¢D_+ 9Q) = é% sin(¢p) I ‘;8)

.The X and Y outputs of the guadrature phase detectors shown
in figure 7 represent the sine and cosine components of the

correlated signal [Clark and Frost, 1969a].
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3. APPLICATIONS

- Interferometers have found extensive uée in the field
of. radio astronomy in determining the size and‘locations‘of
radio sources in space. They have also been used to investi-
gate disturbances in the ionosphere. The introduction of.
synchronous satellites has enhanced the usefulness of. the
interferometer, because they represent a known, fixed source.
An ideal synchronous satellite presents a relatively sta-
tionary RF source, so that fringing is due to a change in . -
ray‘path,length.rather than a change in thelsatellite
-position. This difference in ray path length can be related
to the difference in the electron content in the ionosphere..
Thus disturbances in the electron .content of the ionosphere
are detected as fringing by the interferometer [Sherrill, 1971].
The actual geostationary satellite does move.slightly during
the day and repeats itself every 24 hours. .This slpw move-
ment. causes a slow fringe rate which is predictable and can
be eliminated from the data.

The short baseline system described in the following
section was.specifically designed to detectvionospheric
disturbances by monitoring the telemetry signal'freqqencies
of the Application Technology Satellite_(ATS) series sate;_

lites.. - - ...
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4, SHORT BASELINE SYSTEM

The block diag;am of the base station configuration is
shown in figure 9. Two IF conversions are performed on the
137.35 MHz incoming signal. The first IF down conversion
is to 32 MHz. This is accomplished by generating a first
local oscillator signal of 105,35 MHz. A phase-locked loop
which is locked to the system synthesizer output is used in
order to maintain frequency coherence and spectral purity of
the local oscillator within the bandwidth of the receivers.
The frequency synthesizer output is multiplied by. four to
approximately 35 MHz. This is phase compared with the 35 MHz
from the voltage controlled oscillator (VCO).  The output
from the phase detector acts as a DC control voltage to lock
.ﬁhe VCO to the synthésizer. The subsequent multiplication
BY'3'to 105.35 MHz does not generate harmqnics within the
receiver- bandwidth.

The second IF down conversion is to 2 MHz. This is
accomplished by generating a 30 MHz local oscillator.. Since
the system uses the principle of frequency off-set, as
discussed”previously'in this work, the second local oscil-
lator (LO) for the base station is off-set by 1 KHz. There-
fore the actual second LO for the base étaﬁidn-is-30.00llMHz,
and the second. LO for the out station-is 30 MHz. The syns:
thesizer has a coherent 30 MHz output, and this is used directly
for the out station, however, the base station second LO must

be generated. This is again accomplished through. the use of.
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a phase locked loop ih order to maintain system coherence.
A voltage controlled cryfél osgiilaﬁér (VCX0) running at
30.001 MHz is mixed with.thé_BO MHz‘reference from the
frequency synthesizer. TheJresulping 1 KHz from the mixer
is phase comparea with a 1 KHz signal from a stable Af
reference oscillatbr,.and the DC output is used‘to lock the
VCXO0 to 30.001 MHz.

The ‘2.001 MHz from the base station and the 2 MHz from
the out station are cross-correlated, and the resulting out-
put is a-1 KHz signal whose phase with respect to the Af.
reference oscillator represents the phase difference'bétweén
the signals arriving at the two spaced receiver sites. This
signal is then amplified and processed. A 90° phase splitter
is incorporated to separate the correlated outputs by 90°.
Shape?s:convert the.sinusoidai 1 KHz signal to sﬁuare‘waves
that are used to drive tﬁé>quadrature phase detectors. The
‘integratéd;output of the phase deﬁectors.have a linear DC
output from 0° to 360°. The DC'éutputs of the two phase
detéétoré represent the-phase difference between the in—~‘
coming signals at the two antéhna sites. Two channels\of
output separated by 90° are incorporated to alleviate’ the
problem of dead tiﬁe in the phase detectors. Phas¢ detector’
dead time will not occur at the same time in both. channels
thus the output record can be,céntihuoué, These two.bhaSe
detector outﬁgt;}afe passed throqgh;DC*amplif;ers, and. the

outputs of.- DC amplifiers are avaiﬂablé'for suitable recording.
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The out station shown in figure 10 is similar to- the
base station. The receivers are identical and the first
LO generation is identical. Since the second. LO has no
offset, it is fed directly from the 30 MHz distribution
amplifier.

The initial set up of the system will be short. base-
line and béth.receivers will be situated at the same location,
so there is no problem maintaining coherence between the two
stations. If at some-future time the baseline is extended
and - there is a need to separate the base station and out
station receivers, then it will be necessary to lock the
local oscillators. to a common source or lock them vié-a
ﬁicrowave link.

4.1 Synthesizer and Receivers

The interférometer system is designed around a Hewiett
Packard 5103A frequency synthesizef as;our,frequency standard.
This instrument can be programmed to generate fﬁequencies
from 1 KHz to 1 MHz;in .1l Hz steps and from 1 MHz to 10 MHz
in 1 Hz steps. Theré‘is also a 30 -MHz output available
at the rear panel. In this particular case the synthesizer
output is seiected to be 8.779166 MHz. |

The RF converters and IF strips are commercially avail-.

~able units. The RF converters are Tapetone TC-137 Low Noise

Converters. They are tuned to 137.35 MHz. This is one of
the telemetry signal frequencies of. the application technology

Satellite (ATS) series. They have a power gain of approx-
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imately 35 db, and a 3 db bandwidth of 600 KC, with a noise
figure of about 4db. R

The first IF amplifiers are ‘tuned to 32 MHz and are.
synchronously tuned units with mixers at their outputs to
convert from 32 MHz to a second IF of 2 MHz. Their overall:
bandwidths are 250 - KHz. The local oscillator injection: -
voltages at 30 MHz of 0.4 to 0.9 volts rms required for
mixing are obtained from the distribution amplifiers. The
overall gain of the 32 MH? IF's is 80 db when terminated
into a 50 ohm load. |

The second IF amplifiers are synchronously tuned to 2
MHz and have crystal filters with bandwidths of 3.1 KHz at
the -6db points. The overall gain of these IF's are 50 db.
The gain of each receiver is adjusted by a manual gain
control. in the 32 MHz IF Amplifiers.

Identical units are used in both the base station and
the out station as shown on the block diagrams.. The above -
described units use Vacuum tube. devices and thus require
filament (6.3 vac) and plate voltage‘(+150 VDC). Two separate,
regulated power supplies are used for the base station and:
‘the out statioh. |
4,2 First Local Oscillator Generation

—

-—--- - Since the _received_signal is atﬁ;Q?gBﬁAMHzllggdéthg

first IF is 32 MHz, the first LO to be generated is 105.35
MHz. To minimize spurious’ -and unwanted harmonic components

and. still maintain phasé coherence with the synthesizer,
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a phase-locked oscillator was- chosen. The generation of
the 105.35 MHz can be subdivided into three sections, a
phase-locked loop, a X4 multiplier, and a.X3 multiplier as
shown. in figure 11.

The X4 Multiplier shown ih figure 12 consists of a.
doubler, a buffer amplifier, and a second doubler follqwed
by a low Q tuned amplifiér. The bandwidth of,the‘overéll
stage is- 5 MHz toe allow for changes in. the synthesizer
frequency. The doublers,_Ml~and M2, are double balanced
mixers and are shown in figure 13, The oscillator section
is shown in fiéure~l4 and is a tuned gate FET oscillator.
[Clark and-Frost, 1969b]. .The gate .circuit is tuned by
controlling the voltage across. a varactor diode.  The
oscillator is followed byfé-buffer amplifier which drives
the X3 multiplier and the phase detector. The. phase detector
shown- in figure 15 uses an N-channel FET as-a chopping cir-
cuit [Clark and Frost, 1969b.] The VCG output drives the

gate of the FET asaa‘switch. The diode from gate to ground

' 'bypasses any positive excursions.- The output of the X4

multiplier isAapplied to the -source lead.  Its output is
filtered and the DC centrol voltage is applied to the varacter
diede in the VCO. |

The phase-locked signal generated by the VCO: is also
coupled to the X3 multiplier shown in figure 16.. The output
of the X3 multiplier is the desired first LO at 105.35 MHz.

The 35.11666'MH£ signal: from the VCO is applied to the base-
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emitter junction of the transisﬁor, which- is baised in the
nonlinear portion of its characteristic curve.- The tank
in the collector circuit is tuned to the third hdrmonic
(105.35 MHz). A second stage of amplification follows and
the output is matched to 50 ohms to match the mixer input.
on the RF converter. A level adjust is included at thé
output to set the injection level- for optimum mixing.- The:
output can be adjusted from 0 to 1.2 volts rms.

The lock range of the loop is about 500 KHz. The curve
in figure 17 indicates the characteristics of. the VCO. The
oscillator has been tuned for a center frequericy of 35.11666
MHz as shown on the. curve.

The first LO can be changed quite simply to .accept a
wide range of input ffequencies. It is a simple matter of
changing the frequency setting on. the front panel of the
synthesizer. The LO frequency will beﬁthéésyﬁthééiééf autput
multiplied by twelve. The LO will remain locked so long
as the frequency change is. within the 500 KHz: lock raﬁge:of
the loop. If it is desired to move. the LO outside this
lock range, it can be accomplished.by retuning the VCO, so
that the center frequency of the lock range is ét the new
desired LO. This is realized by setting the synthesizer

. _frequency to the desired setting and then varying the tuning

slug of Tl of the VCO for a zero DC control voltage. The PLL
still retains its 500 KHz lock range about the new cénter

frequency. This first LO unit is supplied by a regulated
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+15 volt power supply.

To facilitate operational and maintenance checks, e
metering circuit is provided to checkhtherRF level fron-the_
X4 multiplier and the X3 nultiplier. A’ meterlng check. for
an-. unlocked condition is also provided for- thlS unit.- The
metering schematic is shown in figure 18.

4,3 Second Local Oscillator Generation

The second‘IF,conversionlisrfrome32 MHz down to 2 MHz.

The block diagramrfor the generation of che seccnc_iccal.
oscillatoer is given in figure 19. The eecond conversion-like.
the firSt, just maintain frequency and. phase coherence with
the overall system. The HP- 5103A frequency synthes1zer has'

a 30 MHz output on the rear panel of the instrument. For

the out station no further signal processing is needed and
.the 30 MHz is fed directlY'to thevout.staticn;via the
distribution amplifier for_usevaS'the second local cscil—
lator.

The afore discussed offset frequency (Af) is injectedv
into the system\by offsetting the second LO at the base
station by 1000 Hz with respect to the Qntrstafion. Thisj
is accomplished’by egain“using avphase—locked-loop con-
figuration.

_The VCXO_used in the loop, shown in _figure 20is a
common base configuration and utilizesacrystal controlled
feedback on the emitter. A varactof‘diode,in series with

the crystal is used to control the frequency of the oscil-
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lator. The output of the oscillator is given one stage of
amplification. One output}is coupled to the distribution-
amplifier where it is buffered for use as.the second LO signal.
A second output is mixed with 30 MHz from the frequency syn-
theéizer and used for phase comparison. The frequency versus

DC control voltage characteristics for the VCXO are given-

in figure 21. The lock range is only about 50 Hz about, the
center frequency. This narroﬁ.range'poses no problem because
the drift of the Af oscillatqr is less than .1% of the operating
frequency of. 1000 Hz.

The Af oscillator shown in figure 22 is-tuned- to the
offset frequency of 1000 Hz. The configuration using
complimentary FET's provides the necessary high stability
needed by the VCX0O and by the narrow bandwidth filters in
the correlator.. | | |

The mixer shown in-figurev23, mixes the 30vMHz;from
the-freQuency syntheéizer and the 30.001\MH2 from the VCXO.>
The output is. used for phaseacomparison-with the Af oscil-:
lator. It is also used as the reference input.to thé gquadra-
ture deﬁectors in the correlator. The mixer itself uses
standard diode mixing.followea-by a high frequency trap
allowing only the 1000 Hz signal to pass. This is followed

by _a_standard biased common emitter amplifier..

The phase detector shown in figure 24 compares the 1 KHz
from the mixer with the 1 KHz from the Af oscillator [Clark:

and Frost, 1969b]. The resulting DC. control voltage locks



42

*OXDA

ZHW T.00°0€ 9u3 xo3y Kouenbaxy °sa Toxjuod *D°d °*1Z °HB1d

<+— ZH NI ADN3ND3Y

002

4
ZHWI00'0€
ool .

008 0O¥

4 I
T L

< S10A NI T081NOD 2d

-+




43

I03eTTTIOSO oduda93sx 2ZHY I °ZZ “bta

1T

w2’z UwooL *
N o ,
w22 .

AAAN

eg PoL

GOPSNZ |

\| |
<€—| 6SPGNZ 5@

_ _ M
All\\ﬂ waxﬁlhk\ ‘ - _
T

w2l xmsw




44

"ISXTH "€2

*bTJ

Myo 2 e

<€— )

1B P oL ZHMI gy

<€

\|

‘dwy 4V oL ;

"N
oy

0]}

SER-

‘ASl+

| | . 4 2l |
$ 01 M1i —AMA—————<L
1] n ZHN I00°0¢
- 370 == v
_IQ/. OL2NI
\L .
Cb Al - =
e -
xoo_w T Bis
—— LA NEA
T <
‘ ZHN O



45

.>m.+.4

*z030939p oseuyd zHY T °"#Z "BTJ

¥OLVTISO 4V

NOOI M
042NI1Sad0Ia

ALY
b

K
—Ir
I




46

the, VCXO to 30 MHz + Af and system coherence is maintained.

The circuit uses the low level outpué from the mixer and
amplifies it using a Darlington Pair coenfiguration. This

feeds a chopping circuit in which two switching transistors

are driven in pafallell The output is appliéd across a full
wave bridge and the resulting DC outéut,is fiite?ed and applied
aé a control voltage to the VCO.

The distribution amplifier shewn in figure. 25 contains
th;ge identical, tuned, common'emiﬁter amplifiers. The
amplifiers are. used. as bufférs for the second local oscil-
‘lators for both the baselstation~and‘the out. station.
Variable degenerative feedback on the emitter is provided
so that thefinjection éignal-to_the IF strips can be adjusted
for optimum mixing. The inputé and outputé arelall'matched

to 50 ohm loads.

4.4 Dual Channei Corrélation '

A block diagram“of<the dﬁ;l éhénnelséorrélatorgis-given
in fiéure 26. A déﬁble, balanced mixér-is used as'the
correlation mdltiplief to convert the second IF odtputs to
a 1000 Hz signal contaiﬁing the phase informaﬁion. The
device. used is a MCL—model SRA-1 double balanced mixer and
is shown in- figure 13. The low powerfconversion ioss of this
device is 7db. 1In order to obtain the best possible signal-
to-noise ratio, the Af amplifier diréétly féilowing»the
multiplief is required toihave[high-gain and- a very narrow

bandwidth centered on 1000 Hz. Théftwiﬁ—tee amplifier shown
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in figure 27 .satisfies these requirements with a gain of
33.db and a bandwidth of 10 Hz {Burr-Brown, 1963]. Unfor-.
tunately the phase shift characﬁeristics of this amplifier
give rise to 180° phase shift over the band pass. To
compensate for this undesirable characteristic a second twin-
tee amélifier«was constructed, and the phase shift characteris-
tics of both amplifiers were matched. The matched amplifier
was used to amplify the Af reference signal from the mixer.
Thus any phase shift due to a small change in Af will be
equally felt in the reference signal and the correlated
signal so that there will be no relative phase change

between the two.

The Af reference signal is taken from‘the mixer-rather;
than from the Af-oseillator since there_exists a small:
phase drift due to changeés in ambient temperatufe between
the Af oscillator signal and the actual Af existing between
the 30 MHz from the frequency synthesizer and the 30.001 MHz
from the VCO.

The reference Af s1gna1 is next passed through a 90°
phase splltter to separate the correlated output by 90°.

The phase splitter shown in figure 28 is a RC op-amp circuit
that synthesizes a fourth-order 90° phase difference network

[Lloyd, 1971]. It has an operating bandwidth of 250 Hz

to 2,500 Hz and a phase tolerance of *1° over the bandwidth.
Both. the correlated Af signal and the Af reference signal

must be shaped into square pulses.in order to trigger the
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digital phase detector. The shaping circuit is shown in
fiéure 29 [Manco, 1971]. It uses a high speed switching
transistor which is normally cut off with no signdl applied.
This ebplies +5 volts on both inputs of the nand gate so the
output ?emains at 0 volts. As the input signal SWiﬁgs'
positive, the transistor turns on gquickly forcing the col= _
lector to about 0 volts. fIhis'in turn forces the nand gate
output to +5 volts, resulying in a clean, fast rise time
square pulse. The pulseevere differentiated at the inpﬁt.
to the bhase detectors,spown'in~figure-30. The resulting:
input to{the phase deteceere are 5 usec. positive spikes.
The phase detector cepsists of a SN 7400 IC which
contains:four nand gates.? The nand gates are cross-connected
as shown to implement a R-S flip-flop.  The logic for this
flip flop is given. in fig;ref30 as is the integrated output
of the phase-detector. It can be seen from the.logic table
that when  both iﬁputs-are in phase an undefined or race
condition exists. This causes a small dead time in an inter-
val about the 0°vphase difference point. Sinee.the,iﬁput
pulses are only 5 usec in duration, the race condition enly
produces® +1.8° of dead time about the 0° condition. The
outputs;of both phase detectors are integrated, and then
-directly coupled to DC amplifiers with unity gain. The
correlator unit requires a reguires a regulated +15 volt,
and -15 volt power supply;for the operational amplifiers.
The SN ?400 IC's require +5 volts. This is accomplished by

dropping the +15 volt supply to +5 volts using a zener diode.
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5. CONCLUSIONS AND RESULTS

5.1 Installation

The interferometer system described in this paper
has been.bﬁilt, and an evaluation of the system is presently
being performed.

The initial copﬁiguration uses a north-south baseline,"
and the site}separa£ioh is 142 meters or about 65 wave--
lengths at 137.35 MHz. The sourcs being monitored is the
ATS-III geostationary satellite. The antenna used for the
base station is a twenty eight foot parabolic dish and
the outstation uses a Yagi antenna. Since the initial
sétup has a relatively. short baseline, both receivers are
located in the same building and cosxial cable is used for
lead in frsm the antennas.

5.2 Phase Detectors

Two types of phase-detectors are incorporated into
the finallinﬁerferometric design. The digital phase
detestor mentioﬁed in the previous section is the first
type. Both inputs to this detector are a string of 5p ses.
pulses. These pulses are obtained from the zero crossings
of the Af reference signal and the correlated output sig-
nal. Hence, this detector responds only to the phase
" variations of the received-signal and not to amplitude-. -
variations. The output of this detector is very useful

for studying traveling ionospheric disturbances ( TID's).
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Since one of the main qSes of  the interferometer
wi}l*ﬁé’?o §tudy-iénospheric”scintillation, in phase.:.and
amp}itude; a secong.tybe of detector was built.  These.
we'call quaérature;component detectors, and they are shown
schematically in fiéure 31. Since they are identical
detectors operating in phase guadrature, only one wili-
be described. The sine wave output from the reference:

AE pha§e splitter iS»converfed to a éymmetric square wave

by %he‘first operational amplifier. This équare WaQe is-

’ theniéhaped, and it is used to drive a fieid effect tran-
sisﬁorl(fET) 2NS485;’ This FET acts as a switch on the
nonéinvertihé input of a sécdpd operational amplifier
with unity gain. (It switches the non-inverting input
from ground to essentially an open circuit). The»inverting
input to the operétional amélifier is driven by the cor-
related signal. It can be shown that for equal input.
~frequencies this.second opefational amplifier ahd'FET
act together as a synchroﬁous detecfor. ‘As long as the
correlated signal amplifier is not: allowed to lim;t-its
signal, the integrated outputs- of these quadfaﬁﬁrercom—

ponent detectors are given-by
X = K sin ¢, ¥ = K cos ¢,

where K is proportional to the amplitude of the input.
signal and ¢ is proportional to its phase angle. The

amplitude K and phase ¢ :can then be separated by the data
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Quadrature component detectors

31.
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Fig. 33. High speed recording of an isolated patch of
scintillation. Polarimeter is on channels 1
to 3 and the 65X interferometer is on channels
4 to 7. Time advances to the right, and the
marks are every minute.
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reduction process.
5.3 Results

AlthoUgh-the satellite beingfobserved, the ATS-III,
is geestatidnary, i; is not-sfrictly stationary.- It has
a slightipefiodic meVement with a perioa-of;twehty~four
hours. This slow movement is deteeted as fringing by .
the interfe;ometer. The fringe pattern associated with
the satellite movement over a twenty;four:hour,period-is
shown in figure 32. (Each fringe in the figure represents
360° of phase rotation). Tﬁis phase detector data was .
recroded on 4 February 1972 at Danville, Illinois at an.
antenna spacing of 65 wavelengths. Superimposed on the
regular fringe pattern are irregular fluctuations caused
perhaps by TID's (Note partiedlarly between 0915 and 1800
cst). | ~

VHF- waves passing through the ionosphere cen;also
be subject to scintillation caused by ionospheric distur-
bances. An isolated patch of scintillation can beeseenv
in figure 32 between 0145 and 0230. A higher speed :
recording of. this data, the X and'y quadrature eompeneﬁt
detector outputs, and the outputs from a polarimeter are .
shown in figure 33. The time marks at the bottom are in
one minute increments, and time is increasing to the right.
Channels 1 and 2 are the Fa;aéay rotation'channels from

the polarimeter. Cﬁannel’B is the polarimeter amplitude

channelHOn-whichjmediumramplitqdéfsginggklag;gn;igepxegent.
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The interferometer Qutpu%s are on channels 4 to 7. Channels
4 and 5 are the phase detectors, and 6 and 7 are the x

and y outputs. Note thé small fluctuation_on-the phase
channels compared to the x and g‘outpﬁts. This appears

to indicate that the séintillation is - mainly in. amplitude.
To verify this, the K and ¢ cqmpdnents.will-havelto be
reduced from- the data.‘ As-of;thiS'writing we have not.

done  this. A record similar to figure 32 is shown in
figure 33. The dataf&hanne;s on this record. are the same

as figure 32, but in tpis-aéta the scintillation- is- stronger
and'iasting for a loqﬁériperiqd of time. Again it appears
to be more in amplitddg than-in_phase.

The interferomegéf performs well within its design
specificétions at thefte§t spacing of sixty-five wavelengths.
We‘arejnow'prepafing fo:ﬁuild the ferminOr‘components
necessary to make the outStation_perable, When £his is
finished we will then méke measureménts at various spacings

and directions.



62

H WEaae b
|H|HH ||l N f M“MNH"HW HW H“HWHIH'HHUIH'HNIH“HH I'IINUMHMfllHlNN“l"H" H' N“h I
Wi I 9 g T h“:lu !i‘i §Hl ;“” ';}i I
HUH)I‘UH']'H” | | I lllH NI | ”Hil Hll‘l HHN IIlIHHHHI'IIHIHII llllll\lm |
I | e
4 | |
I AR
: THll T

[l { WHI A U'”‘ TR, ] ti“

iy

i

il l.f

'::'; .m LT

e feiifeesep s
Wl afaitllatilisalis g B L

Fig. 34. High speed recording of a prolonged period of
strong scintillation channels are the same as
figure 33.




5763 #
LIST OF REFERENCES

Clark, R. R. and Frost, A. D., The Radio Interferometer,

Scientific Report No. 1, December 20, 1967, Contract
No. AF19 (628)-5837.

Clark, R. R. and Frost, A: D., Coordinate>Convétsion~Teché

niques for use with a Correlation Radio Interferometer,

Scientific Report No. 2, July 15, 196%a, Contract No.
AF19 (628)-5837.

Clark, R. R. and Frost, A.'D., A Long. Baseline Radio Inter-

ferometer for lonospheric Scintillation Measurements,

Final Report, September 15, 1969b, Contract.No. AF19 (628-

5837,

Handbook of Opérational-Amplifier Applications, Burr-Brown

Research Corporéﬁibn; p. 72, (1963).

Lathi, B. P., An Introduction to Random Signals and Communica-

tion Theory, International Textbook Company, (1968).

Lloyd, A. G., A 90° Phase-difference Network, Electronic

Design, Vol. 15, p. 78, July 22, 1971.

Manco, R. J., One-shot Makes Fast Trigger out of‘Slow'Inpﬁt_

Pulse, Electronic Design, Vol. 44, p. 60, September 27, 1967.

Shérill, W.'M?, A survey of HF Interferometry for Ionbspheric

Propagation Research, Radio Science, Vol. 6, No. 5, pp. 549-

Thomas,.:J. B., An Introduction té Statistical Communication

Theory, JohﬁwWiley.& Sons, (1969) .

N R
. 5




. _ . ._ENGINEERING. EXPERIMENT STATION _

- 64 -

DE?ERMINATION'QE-CHANGES IN EXOSPHERIC
" ELECTRON CONTENT BY .A- COMPARISON OF
GROUP DELAY  AND FARADAY ROTATION-

by

Richard E. DuBroff

Mlarch 1972

Sponsored by
National Aegpnﬂggigs:and18pace Administration

i

NGR 14-005-002

Technical Report.No. 45-2

Ionosphere Radio Laberatory

ELECTRICAL ENGINEERTNGJRESEARCH-LABORATORY

UNIVERSITY OF ILLINOIS
URBANA, ILLINOIS 61801



ii
ABSTRACT

A proposed technique.of obtaining the exospheric
electron. content is by subtracting the ienospheric elec-
tron content obtained from Faraday rotation measurements- of
VHF- signals - from a geostationary satellite, from the elec--
tron content obtained simultaneously from group delay measure-
ments- of the same. signals. 1In this study, this téchnique
is evaluated by using Faraday retation data and group délay
data simulated by ray tracing for a. Chapman layer. model
extending from the ground to a height;hB, and an exosphere
model extending from hB to the satellite. The effect of
varying the boundary height, th i; cqnsidered and it is
éhown that the Faraday rotation measurement is not signifi--
cantly affected by the exospheric region, as expected in
view of the rapidly decreasing geomagnetic field in that
region. The group delay measurement is then considered in
order to determine the size of the errors which would be
invelved if the electron content were obtained by approxi-
mating-the group delay as a linear functien of the electron
content.- Baéed-uponathe results of the simulation it is
found that the accuracy of the technique is sufficient for
providng only the changes in the exospheric electron content,
-Bagnﬁéznﬁééééséfiiynthé‘ihéféhEahééhE'Vélués‘dffthe*exospheric~r--~~»~

electron content.
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1. INTRODUCTION

This study is concerned with ﬁhe measurement of iono-
spheric and- exospheric électron contents pyfébserVing radio
sigﬁals-at 40, 140, and 360 MHz'fidm a geostafiénaryAsatel:‘
lite. By observing the radio signals sent from a satellite
1ocateanin the'exosphere, it is desifed:foﬂdéﬁermine how:
much of the elécﬁronlcéntent is‘cbntribﬁted by'the ibndsphére
and how much is contributed by the exoéphé&é(n | |

The rela£ive:contributibns from each ré§i6ﬂ may vary,
for eXémple, dﬁring the course 6f‘oné da&. !Cisiunér radar
measurements-(th, 1965) have;.in'faét indiéatéa:that~théré:
may be a diurnal flux of ionization between the two regions.
Park (1970) has shown that the magﬁetospherié electron con=.
tent in a fiéld‘tubevmay change considefably followiﬁg; 
magnetic storms.. | | - |

At‘firS£-glance; if,appeérs that’it'may befpossiﬁle
to determine the contribution to the elecéron:CSntéﬁé by‘
comparing simultaneous measurements of the group delay time,
and the Faraday rétation angle. 'The Faraday rotafion-angle
() can be measured experimen;ally, and is related to the

electron content in the following way:

g = K f HN cos 6 ds - - : (1)
g2 )0 A
ray path

where K is a constant of proportiohality and is equal to

2.97 x 100 in international units. In practice, the



following approximation is commonly used:

Q__:M_Kdeh.:
e

f2

HRN,,

(2)
f2

where'jfincludes the weighted mean effect of the magnetic
field. Because of the_magnetic.fieLd dependence in equation
(1), the Faraday rotation angle. is not believed to be indi-
cative of electron»content from regioens. in which the maénetic
field is relatively weak (most of the exosphere).

The differenfial group delay measurement, in contrast,
does not depend on the magnetic fleld The group delay time
is the- tlme requlred for a. signal travelllng at. the group
velocity to go- from the satellite to the Earth. The differ-
entia} group delay,-therefore, is tne difference in the times
of arfivalvof two different signals, each travelling at its
own: group veiocity. Tne-differential-group delay, then,'for
two different frequencies is related to the electron content
in the following way: |

—6 ‘
a7 = 80:5 % 10 (_%_ L] [ w, as (3)
Sl

2¢c - 'le e
2

and: does not- depend upon the magnetic field.
Therefore} it would seem that the exospheric electron

content (NTE) could be found from:

Nrg = Nop "N (4)

group delay ’Faraday rotation-
The approach whlch has. been outllned above, however,

is contingent upon a few assumptlons Wthh need to be



examined, in order to ensure that any errors which may be
inherent in this type ‘of analysis will not be large enough
to cause a significant degree of uncertainty in the deter-

mination of the exospheric electron  content..



2. METHOD

.The method employed to investigate the uncertainties
in the determination of the exospheric electron content is
a computer simulation of the transmission-of.radio waves
from a satellite, through the exosphere. and the ionosphere
to a receiver on the ground. By specifying the electron
density and the magnetic field, it is possible to determine
hbw a ray from the satellite will be refracted by the
exosphere and the ionosphere and, therefore, by using a
ray tracing program it is possible to determine the path of
the ray. 1In addition, it is possibie to determine the'
Faraday rotation and group delay for the ray. The ray
tracing program1used is an adaption'of_the ESSA 3-D ray
tracing program (Jones, 1966). Therdetails-of<the deter-
mination of the electron content from the results of the
ray tracing program are discuSsed in the following Sections}

The rays are traced through several different models
of the ionosphere and of the exosphere.  The Chapman.layer
is used for the,ionosphere and the model of Angerami and
Thomas (1964) is used to simulate the exosphere. The elec-
tron density at the base of the exosphere is set equal to
the electron density at. the top of the ionosphere, so that
the electron density will vary continuously with height,
although the gradients might not match at the base of the
exosphere, The magnetic field is modeled by an.Earth

centered dipole.



Since rays of different frequencies and different modes
(ordinary and extraordinary) have to be traced, it is
necessary to ensure, in the 51mulatlon, that the rays will
all land very nearly at the same locationedn the ground.
For this reason, several rays of the'aame}trequency and
mode have to be.traced iterativel? until~éhe ray comes
gufficiently close(0f5 meters) to the de51red landing point.
After a ray. has: been homed (i.e. langed w1th1n.0.54meters
of the target), another;ray.with a different frequenc;w
and/or a different mode can be traced. The method of
homing which is used is shown in Figure (1).

The choice of 0.5 meters.as the homlng crlterlon
should not lntroduee any.signlflcant amount of error in the
simulation. Based upon the results which were obtained
in the simulation the maximum uncertainty which' could
occur in the determination of the electron content as a
result of the homing criterion is *.14% of the electron
content. In many cases the uncertainty would be a few
thousandths of a percent. 1In additioen, the size of most
practical antennas which would be used at the frequencies
of interest would be greater than .5 meters.

In the case of Faraday rotation the difference between

the ordinary and extraordlnary phase paths is several

hundred meters for the ionosphere models considered in thlS
study. Consequently, the errors which are introduced into

the Faraday rotation measurement by the homing criterion




SATELLITE

TARGET

_——"""_ LANDING —A_— EARTH
POINT 5 5
meters

Figure 1. Method of homing the ray.



are ho greater than a few tenths of a percent for a
rotation measurement at 40 MHz,

This method of homing can only be used wheh the target
and the actual landing point of the ray are”hearly_oh the
saﬁe geographic longitude, because of the-wayfih whiohrthe_
_homihgycomputatfonsfare performed by the computer. This

-1

presents no problems for the 1onosphere and exosphere models

s

$

used in the ray trac1ng 51mulatlon, since the a21muth
dev1atlons:ofgthe rays are very small. In-order to achieve
the homingﬁ&the:elevation«angle of the ray is changed-by-?-
a fraction of e(i seems to be the best choice) until the
landing point of the ray lS w1th1n 0 S. meters of the target
Figure (2) shows the. geometry of the simulation. -
U51ng this procedure, 51mulated Faraday rotatloh‘and

Ty -

group delay data are obtalned and used ln an effort to

resolve some of the problems,dand to 1llustrate1the llmlta-‘
tions of the method of determining exospherlc electron con—
tent. |

The‘particular values £ and Yy were ohosen'in order to
placeithe satellite on the equator and on'the'same longitude
(approximately) as’Urbana; Illinbis. ' The path shown in
Figure (2) is a straight line between Urbana and the

Satelllte.



N. Pole

Receiver Location
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-Figure 2. Geometry of the simulation.




3. SIMULATED FARADAY  ROTATION -IN A. CHAPMAN LAYER

There are several-rmodels which describe the electron
density as a function.of -height.: .In this study the Chapman
layer is. used to,simulate,thepelectronfdensity_as,a function.

of altitude in the ionosphere. The electron density is,

given by:s o il st o e Do e
£l ‘
Né = T —~ - exp [0.5(1 '+ z"- € %)) e (5)
'80 5 X 10 _
where B
h - h
H
In an ionosphere whlch lS formed from a 31ngle lonlzed
kT, T _
constltuent H -.ﬁ—% where T and mi are_the temperature
i : e .-

and mass of the ioenized constltuent Also, h is the height,

hmax'ls the helght at Wthh the max1mum value of electron .

den51ty occurs, and f 1s the plasma frequency whlch
corresponds to the max1mum value of electron den51ty; .;ﬁj,;
theAsrmulatron, H was chosen to be 60»hm'and h avav‘as“chosen
to be 350 km. | | - |

integrating equation (5).

NT:.[ Ny dh.. ~ oo 2 (6) .

0

It 1s, however, not necessary to 1ntegrate‘t0'1nf1n1ty T

as is shown in Flgure (3) whlch is'a graph of fs Ne dh as
: : Tt e R 0., .

‘.4
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a function of B in km. In fact, for the Chapman model
which is used in the simulation, Figure (3) suggests that
it-mdy only' be necessary to intégrate up to a few thousand
“km, since the electron density above 2000 km is too small
to contribute to the electron content.:

An experimental techniqgue for determining the electron
content is Faraday rotéfion._ The Faraday rotation measure-
ment deduces the electron contént frem the polariéation~
twist of a linearly polarized radio signal as it traverses
the ionosphere. If we denote the‘pblarization twist by &,
the relation between  and the electroﬁAdensity is given by
tHe.folioﬁing well known equation: .

~ 2.97 x 1072

Q-
N £2 .

f NeHb cos 9.ds : (l)

Froﬁ»eqﬁation'(l)'if can be seen that when H  (the ﬁaghetic
field) becomésgsmall, the polarization}will change very
little even though Ne,ﬁight'not,be small. However, when
the Chapman*layer.i; ﬁsed to simulate the ionosphere, the.
electron density above, 1000 kin is so minufe-that it tends
to obscuré:thé effect of the diminishing magnetic field.

The situation is depicted graphically in. Figure (4) Which
2.97-x 107°
2
£2 0
- the height of 8 in thousands of km. The value of Q. was

shows Q =

IB NeH0 cos 6 ds as a function of

obtained by integrating equation (1) numerically and using
an. Earth centered dipole magnetic field moedel. = Figures

(3) and. (4) both weré obtained by integrating along a
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vertical path{ | ‘
A~comparison;bé£ween Figﬁré~(3),énd Figure'(4)

illustrates. that the electron»gontent varies- almost

linearly with the rotation, Q. - The expression relating

£ and the integral of-the electron density can be simpli-

fied by replacing ds by -sec x dh and replacing H, cos 8

sec .x with.a constant, M, which can subsequently be.takgn_v

from under the integral sign. .The angle, X, is the zenith

angle .of :the ray. -Therefore, the approximate expression»d

for & becomes:

-2
2.97 x ;0- i

Q= = fme dh (2)

if the -integration over the:pqth,_s,“in,equatioq (1) is"‘
nearly a straight line. ,Thewciose similarity_between
Figure (3) ana_Figure:(4).wi11"break dqwn:if»a model in
which the electronudenaity;in_the4exg§ph§;e is substantially
larger than- that given by gquation §5)tiswu§ed,toisimulate_

N,. This will .be demonstrated in the next section.
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4, SIMULATED FARADAY ROTATION IN A MODEL IONOSPHERE
CONSISTING OF A CHAPMAN LAYER AND A MODEL EXOSPHERE

4.1 Distribution_ofFElectron“Density in the Model Exosphere

The Chapman model of the ionosphere is not well suited
for_thelsimulation of exospheric electron density for
-severai reasons. The scale height is not apt. to remain
constant‘over;thé wide extent of the exosphere (from about
1000 to 35800 km for the purpose of this4simulation). "In
addition, the Chagman~model does not include the effect of
the curvedrgeomagnetic field lines upon.the distribution of
the iens.:

A more. realistic alternatlve would be to use a Chapman
model to simulate the electron den51ty up to around 1000
km, and\then:to use an additional model (Angerami and
Thomas, 1964)'t0-simulate‘the region from;the apper-boundary-
of.the Chapman-laier to the sateilite. Any subsequent
mention»of;the'ionoephere should, then, bevoonstrued loosely-~
i.e., the simulated ionosphere will:inciade both the‘Chapman
layer and the exospherlc model, unless otherw1se noted

In the exospheric model, it is assumed that the ‘electron:
and ion temperatures are equal: at any point-on the upper
boundary of. the Chapman layer, and that the- temperature
dlstrlbutlon along each magnetic fleld line is isothermal.
The éXpre551on for the geopotential height z aloeng a given

field llne is’ glven as:

2 2,
cog? @ Q°r 6
2(8,,0) = r, [l +—="1+ 8= [cos’e -2} (7
: " cos?9 2g - % cese

-0



: r-r, Qé L, rﬁ. 2
e el z_(r’ﬂq)) f_ro Y :}--,ngo,_c,o_s_dq)_'_ _-f_ B r— (9)
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where,
® = geomagnetic latitude of field line at- -
0 K

upper boundary of Chapman layer

® = geomagnetic latitude of point on the field
line

r, = radius of the Earth and height of upper

‘ boundary.:of. Chapman layer
Qe = angular velocity of the Earth
g, = gravitational acceleratlon at the upper

boundary of Chapman layer

From equation (1) it can be seen that z varies linearly
with height in the Chapman layer. In the exospheric model,
however, the dependence of z upon héight is not lihéar;'és
is shown in Figure (5). Also the value of z depends upon
the pOSltlon of the point in questlon. The ordinate in
Flgure (5) is the height. along the path shown in Flgure (2)

Equation (7) can be put into a more compact form for the:%
purpoée of ray tracing by utilizing the equation for a dipoiev

field line

L
® : .
r _ cos (8
r cos2¢>0

Equation (8) can be used to express cosZ<I>° in terms of

cos?%, r, and.ro in equation (7).

Y | S
Thelfoim of equation (9) is still not completely
satisfactory for .the ray tracing program, since-the ray

tracing program utilizes a spherical geographic coordinate
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Figure 5. Variation of z in the exosphere.
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system with the center of the Earth serving as the origin.
The geomagnetic latitude can be written in terms of the
geographic latitude (¢) and tﬁé"géogfabhié.lohgitudé (A)

through the following eguation: -

sin® = sin¢ sin¢ -+ cosé.cos¢, . cos(A- =" ) . - (10)
or -
cos?d =1 - sin?® = 1 - sin?¢ sinzda1 - cos~2¢~cosz¢1
cos? (A —'Xl) - 2sing¢ sindb1 cosd cos¢  cos(A = i)

(11)
where the subscript 1 indicates the geographic coordinates
of the North magnetic pole.
\Therefore,'equation (9) becomes:

. r-r, Qé rz - r? A . .
2= r ¢t 2g, | T« || .7 (sin¢ sin¢ )" = (cos¢

]

cos¢, cos(r = XI»Z - 2sin¢ cos® sin¢_1 cbs¢3 cos (A - AIJ
- (12)
The electron dehsitiﬁin this exospheric model can then

be expressed as a function of z in the following way:

W ;
3 _eo -2/H -z/H,
Ny = ;77; ﬂ/g L +n,¢ | g ) (13)
where n, -%Eg%
- SE. S D S U  S
A o e T T .
= _[H+] + [0+]
n =1+ nzf T [0F]
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N = N
e : e — B .- P
R r = ro . e
H = scale height of oxygen at r = Ty
I%If2 = the scale height.Of hydrogen at r = r,

The ray tracing program requires the specification of

the:gradiéntg of N, in the radial, longitudihal, and co-

- N : . .
Notingvthatvs-ig is - given by:.

, : 1 -z/H n, -z/H. |- - _ 1l -z/H
N N_.'{'H_E Pegoe 02 N2 YT & © v
_ ~eo 1 _ 2 _eo !

o . AN, ON . AN,
latitudinal directions-+-i.e., 5T 35(2) and T3
. . I ’ .

n : ; -
] 2_5_—2/H2}‘ o | o ae

; oN
the gradients  can be written in terms ofi?ég .

aN RIS r, Qé o - ) o .2 2
EYTTT = 3 I, ;;.— 290 [1L - sin“$ s;n ¢1‘— cos“9 cos ¢1cos
(A = A;) - 2sin¢ cosy sing cos¢, cos(A - ;)] [—1 2T
¢ 0 S r2  r
0
(15)
AN AN 'r Q2 [ra - r3} [
e e "o e 0. . . .
- — = o - 2sin¢ cos¢ sin¢ -+ 2cos¢ sing
8?(2) 02 _290 r,r _ Tl

qosz¢1 cos? () - Al) - 2cos?¢ sincb'1 cos¢1.cos(x-— A1)+12giné¢

Sin¢1 C§S¢1:COS(A - Al): . . ' (16)
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IN 3N ,rOQé_- rz»—,r3 , ,
avr(jY= w— 290 rbr [2cos ? cos ?1 cos (A - Al) sin
(x - Al) + 2sin¢ cosd sin¢1 coscbl sip(k - Al)] (17)

Figuré (6) is a graph of N, as a functioen of height.
Since;Ne is not spherically symmetric, the graph of Ne vs
heigh%.depends upon the path along which‘Ne_is evaluated.

In the case of Figure (6) the path is shown in Figure (2).

| The discontinuity in the electron- density gradient

at the boundarywbetween-the'ionosphere and thé‘exospheig
would be troublesome in the ray tracing program, if theA
step size between consecutive ray points (above and bélow
the discontinuity) were as large as it is for the step éize
between other pairs of consecutive ray points. Fortunately,

the step size in the vicinity of the discontinuity is

‘several orders of magnitude smaller than the step. size ih

the rest of the exosphere.

,4.2 Faraday Rotation for Various Values of the Upper

Boundary of the Chapman Layer

In general, in thevmodel,iénbsphere (consisting of Ehe
ChapmanJmoael and the model exosphere) the gradient of the
electron density at r  is discontinuous. The facf that the

gradient in the model exosphere is steeper than the gradient

" of the Chapman-model-at r - causes the electron -.density to.be_. .. .

0

diminished (relative to a' Chapman model alone) above r .

. However,’ at several thousand kilometers above. the surface

of the Earth the electron density is enhanced. Although
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=
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Np= 2x10 2
- Evaluated Along Path Shown in Figure(2)
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"Height ‘Above Eafth in km =~

Figure 6. Exospheric electron density profile,
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this situation—mgy be somewhat artificial due to the
discontinuitonf the gradient, it can be thought of as a
redistribution of the electron density.

By using the ray trad;ng'program, the content.of the
ionosphere can be determined for several values of hB(hB =
r, - the radius of the Earth),_which is the height of the
boﬁndary between the Chapman-modei and the model exosphere,
and is between 500 km and 1500 km in this study. At hy =

1500 km, for example, the content is reduced to 78% of its

value when~hB.= 500 km. Presumably, that part of the content

which is revealed by a Faraday rotation measurement will

exhibit a- less drastic change as hB varies from 500 to'1500 km
because the eléctrbh density brofile,is only changing in the
region of the ionosphere above hy, where the diminishing
magnetic field can be expected to decrease the sehsitivity_

of. the Faraday rotation measurement. A comparison between

the total<e;ectroﬂ content of tHe ionosphere, and the content

revealed by the Faraday rotation technique is shown in

Figure (7).
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electron content and electron content
deduced from simulated Faraday rotation.
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Figure 7. Comparison between numerically computed
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5. g;‘PPI-aoxIMATIQNs IN THE ANALYSIS OF GROUP DELAY MEASUREMENTS:

Theigroup delay time, in this simulatien, reférs to thel
time required‘for_a wa§e packet to travel from the satéllité
to_the Earth. In _practice, it may be difficult to determine
the group delay-absolutel&,‘and, in fact, it is usualdly the
differential group delay which'ié determined. At the
satellite, two (or more) carrier frequencies are modulated
by the same frequency. If the phase relétionships~bepween
»the~moduiation énvgfépes is knéWn at the satelli;é, the
chanéé-in the ;elafive phases of the modulation eqveloges'
can be-determinea at a station on the Earth, anthhefefore
the differential group delay time can be determihed.

The time reqUired for a wave packet to reach thée Earth

from the satéllite is:

. _ f das |
I
Pi 9i
where: v = the group vélocity-at-the carrier
93 -frequency fi ' ‘
ds = the path elemént along the group ,
ray (P;) | |
T, = group delay time at garrier frequency
. f. i ’
i

-The group velocity for VHF propagation depends upon the

r~*~~-~-w-elegtfbﬁudensityminvtheAfollowing,way;__,_‘

. - 1
80.5 x 107" N, /21’ - /2
v =c¢|l- =cll-x1  (19)

93 £.2
1
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whe;e”fir= the frequency of the‘car;ief.
. Therefore, edquation (18) can be ‘expanded ih an infinite

series.

L1 1y 4 3 ETUR- S
Tir— E-J ?s +__2c f Xi;ds +‘80_f ;iés f Tgé,f Xi ds+...
Py Py Py | (20)

sincé X,<<l1.
i
In the simulatien, however, the group path, Gi, is
computed rather than~theﬁgroup_de1ay time Ti. Thé-group
path is the distance that would be traversed by a signal

travelling at c- fer ajﬁime,eqnal tevtheugréup delay time.

Thus,
G; = cTy : , (2}3
Therefore;
= | .].‘. ; ..3.. 2--‘. ...§. 3 de :
Gi,— (.ds‘+ 5 f-xi ds + 5 f‘xi‘.ds + 16'[ Xi §§;+...(22)
= P P. P, '

1 1 1

: : 1 ' ’
By measuring G; at several different frequencies (f; = 40,

140, and 360 MHz) it is possible to detérminé the differential

group path betweén any pair of,tﬁxge-fréquenciéé (£, & ij.

1 fas - {ash YT xas - [ 3 [ x 2as -
Gi - ij_ {fds-[.dsJ+ Z[I/Xids: f Xj§s}+>§;[[ Xi ds
i P, 5, © p P, P,
Pi Pj, o '?i' . , L
oy .2 5.1 340 v 3 ¥ . ’
f X5 dsJ + 16»[fvxi ds'['Xj,dsJ e | (23)
Two majér assumptiohs are necegsary to défermine fde

from-equation-(é3). :Théy are:
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(1) . Pi.=»Pj, since the propagation path is nearly a

'straight.line

(ii) . since Xi<<l; any termS»in'equation (23) which invelve
the intégral of Xi to the_secénd or higher powers

can be neglected.

By using the ray;traciﬁg_pregramgany term in equation- (23)
can be evaluated. :Therefére,'the vglidity of assumptions:(i)
and (ii) qan'be checEed3 If:agsuﬂbtiéns.(i) apd-(ii) are
valid then equation- (23) cén be solyed-fd¢_IfNe ds, sincé

G; - G. then becomes:
i 3 :

~ 1 . .

{ _ 2 g2
[s: Gl] 55
40.25 % 10°° [f§ - f?]-

M

I-Nevds
- i
Usually, the valiaity of assumpfionS;(i) and (ii) is

‘not doubted. Tﬁe*necessity for testing these assumptiéﬁs,.

however, arises from the nature of‘thé pfoblem'itself.

~The exospheric electron'centent_miqﬁ; oniy‘comprise betweeni

10 and 20%>or less of the total ioﬁéébheric eIéCtron‘chtent.

If the error. in allowing;assumptionsj(i) and (ii) is enough:

‘to-cause an uncertainty of 10 te 20% in the electron content,

then~thq diffgrential'group delay method is net useful in

determining the exespheric- electron content.
As a shorthand way of refering to ‘the terms in equation

(23) the following notation~is used:
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J = -
iAo = ds - f,ds
Pl P‘j
Jp =211 - |
A1 = 2*[[ Xi ds f_X. dsJ
P, P,
Jn o 3 2 _ [ w2
AZH_ 8 [f Xl ds .f Xj ds]
P P
1 J
J _ 5. n 3’ _ 3 s
Py Py

5.1 Vaiidiﬁywqﬁ ﬁhe,épproximations for a Simulation of
Group Delay Measurements; in a Chapman Layer.

Using this short hand notétibp, a§sumptions (1) and
(ii) can be‘wrj..-tten::as»ngl<<?_A1 énd gAéésgAI.ZOestensibly,
it wquld'seem-tﬁgttthis-conditionrcould,be s;tisfied-mgre
readily“wﬁen;i énd,j'cgrrespond‘to t?e paif of;higﬁgs£'
ftequenciésg(140 and. 360 MHz) and the electron_denéity in
thé ionOsphexeais_lQW; For a Chapman model, the maximum value of
plasma frequency,,fc;and the height othhewmaximum_electronv
density are. fixed. The next three graphs (Figures (@f, (99,
and (10)) iliustrate the dependence of EAE/gﬁl updﬂ”fC'.
for i = 40,. 140, and 360 MHZ and j = 140 and 360 MHz so
that  §>i. |

It é$ﬁ~also<be.seen, especially from Figure (qu that
the second-order term can easily appreach.10% of the‘first.

order term for large values of the critical frequency, fc.
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5.2 The Effect of Adding the Modél»Ekosphefe

In view, of the preceeding discussion, errors of this
‘magnitude (about 10%) would'appear'to prevent the'deter—
mination - of exospheric electron content. Hewever, in the
case of a model ionosphere consisting,of,both a Chapman
‘model and the model-exosphere, it is still pessible that
‘changes.in the electron density in the exosphere might be
reflécted'only-in thé A, term. This assuﬁes-that since
the electron density is small in the exésphere, the devia-
tion of the ray from a straight line path is negligible,
as is the integral of X?, along the part of the path which
is contained in the exosphere. Consequently, by adding
the model exosphere fo the Chapman layer, the A0 and A2
terms would not-be:expected to chgngelvery much-from the
valuesbthey would have if there were no model exosphere.
Also, it might be expected that if the electron density in
the actual- exosphere changed, the errors in the groﬁp.delay
measurement which are due to the A ahd 4, terms would not
change  as much as the changes in 4, as long as the. electron
' density in the model exosphere was-aiways much less than the
electron density in the Chapman:ﬁéde;.

Tables - (1), (2)}; and (3) confirm these expectations.
Each table uées a different:value of fé in the Chapman model.
For each value of fc( and for each pair of fi and fj' three
different ionospheric models are used. The first model

assumes that hy = 500 km. The second model assumes that
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hB = 800 km which  reduces the exosgheric eiectron conteﬁt
considerably in comparison to the fifst-model. The third
model assumes that there is no exesphere--there is only
the Chapman model. ‘The third mode; is. denoted b§ an
asterisk in the "exoesph. ht." coluﬁn, For each of these
combinations, thé A.‘OAand.A2 terms?ére computed and it can
be seen. that if ﬁhe only varying parameterAis the height,
hB’ AoAand Aé do not changé very much. The parenthetical

quahtities appeating in each. of the three columns (Ab; A,

1

A,) dare the ratios

J - , ' | A
i8] I iAk'|

" exosphere + Chapman modél _ Chapman- model
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Based on the results of tables (1), (2), and (3)
it would seem that the th‘and,A.2 terms for the ionosphere
should have almost the same dependence upon fc as the 4,
and Aé=terms for the Chapman model- alone. Figures (1l1) and
(12) show the dependence of Ao and Az upon-fc.for the
Chapman model. A set of curveS-similér_to those shown. in
Figures (11) and- (12) could be used to estimate the size of
the A; and A2 terms'resultihg from:an actual group delay

measqrement.
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6. SUMMARY AND DISCUSSION

From the results obtained, it can be confirmed that
the>Fér§day'rotation technique used~bY'itSelf is not likely
to provide a good indication of the total ionespheric electron
content. Figure (7) in particular shows that the changes
in the ionoespheric electron-contéﬁ;_due to changes in the
electron density profile in the-exoﬁphere do noet cause
proportional changes in the/glectron-ébntent indicated by
Faraday retatidn;

In additiqh, én amount of uncertainEy;appears in the
Faraday rotation«measurement of electron. content because of
the uncertainty-ih»ﬁ._ This isﬂillustrétéd in Figure (13)
which1shows the range of possible values of M, and the
gorresponding range. of vaiues;for elgctrdn content due to
uﬁcertaintyuin the subionospheric height. 1In the case of
an unusually~low-ex6$pheric content it is even possible
for thejélectron;content deducgd-fromithe Faraday rotation
measuremeht to. exceed the electron centent deduced from
group delay-measurementé} causing the exesphere to appear
tO;have.a.negative-electron‘content, if M is not carefully
chosen, |

The group delay measurement, also, might npt.be a gaeod
indicatibn of the total ionospheric-electronﬂcontehﬁ when
it is used by iﬁself because. of the.grrefs (4, and A terms)
which are introduced 'in‘using equation. (23). However,

from Tables (1), (2), and (3) it can be concluded that the
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group delay measurement corresponding to the exospheric:
portion is accurate.

Becauge of the errors and limitations of these two
methods it would be difficult to determine the exospheric
electron«contenf by éomparing~them; The errors»iniﬁhe
group delay measurehént<can approach 10% and the uncertainty
in the electron content deduced from;the Faraday rotation:
method only serves to make the matter worse.

‘Deséite'these problems, however, chaﬁges in the exo-
spheric'electron~content.seeﬁ to. be detéctable from a
-compafison of these two téchniqués,

Also, small motions of the satellite in relation to
the receiver on the-gfound”Will probably not affect the
measurement. A change in the value of the height of
the satellite was simulatéd (from: 35800 to 36000 km) with
. no advefse,effécts‘on the;Ag:and A, -teims. This result
was anticipated sincevNe‘near the pesition of the Satellité
is very small.

In general, the differential group delay measurements
made by cemparing 360 and 140 MHz signals have the least |
(smallest) error. It would seem that reliable determinatioﬁs
of exospheric electron coﬁtent coyld'be made at these
frequencies.”\The following tablé serves to summarize the
size of the errors'(in‘per éént)‘whi¢h.Qéuld‘be.inhefent‘

in a group delay measurement of this sort.
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TABLE 4

A summary illustratiﬁg-the_felative-siZe

(in percent) of:

hg(KM)
500 ..

800

500

800

500

800

360

A and 390  for all the

14070 140 2
model iohospheres which were considered

360, 360,
14920 14082,
360 (%) 3607 (%)
fg-(MHz) 1401 140%:
14 127 486
14 .158 .553_
14 .160  .555
10 099 S L232
10 1220 ‘.283
10 25 .291
7 .068 ,113
7 .082 138
7- .086 | ;140
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APPENDIX

The first subroutine is used for homing and the second
subroutine is used to determine the electron density distri-
buticn for the combined model (the Chapman'layer and'the

exosphere model) of the ionosphere.

SUBRCUTINE EVERY(LLL,1OKsJAMsKZ)

IMPUICTT REAL¥E(A=H,0-Z+$), INTEGER(T-N)

COMMCN W(331),PI,HFPI,TENLGGyDUM,ARE(T5), TITLE(75),UNITS(T5),
LWHY{32,2) s SPACE JE1MAX JEIMIN,E2MAX , E2MIN, FACT ,END,CLOSE,C,PADITI,
2PYPR(3,3),ZERCyPOPP,SLyRU,KI20) yGGIToT) oHHIT4T)

3I0(16) NN, MCOE KKA, NWHY (71 4JG(2) KKKy NW(331)
THIS VERSION GF EVERY GDES WITH BUG-A AND IS A HOMING SUBROUTINE
FCR 3 CIFFERENT FREQUENCIES

EKROR=DABS (W(100)~W(3231)

IF (ERRCK4LT.(.C085)) GG TO 1

HERE=DATAN(W(10G)/W(20))

THERE=DATAN(W(323)/w(2C))

DIFF=3,%(HERE-THERE) /4o

W(324)=W(17)-DIFF

Wi73)=0

RETURN

1 PRINT 2,W(3),ERRCR

IF (W(258)4EQ4360.) KZ=10

w(73)=0

IF (h(ZSE).GT 13C.) 6C TC 3

2 FORMAT (' ", *ERROR AT',F5.1,1X,*MHZ IS'4FB.5,'KM")
h(258)=140.C

W(25$)=14CaC

RETURN

3 W(258)=36C.0

W(256)=3€C,.0

RETURN

END
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SbBROLTINE ELECTD{XyPXPRPXPTyNTRY)

IMPLICIT REAL*8{A-H,0- Z'$) INTEGER(I-N)

CHAPMAN LAYER WITH TILTS ANC TRAVELING DISTURBANCE

GIMENSION PXPR(3)

COMMON _W(331) 4PI +HFP I, TENLGG DUM,ARE(75) 4TITLE(75)UNITS(75),
LWHY (22,2) s SPACE, ELMAX ¢E1IMIN, E2MAX o E2MIN,FACTENDyCLOSE,C,PADITI,
2PYPR(343) ,ZERG+POPP,SLyRCyR{20) 4GG(T47) yHH(T,7),

3TUC1E) ¢NN,MODE ¢KKAyNWHY (7) 5 J(2) yKKK,NW{331),MLINE

EQUIVALENCE (EARTHR,W(19)), (F,W(3)), (READFN,W(200)),
LOFCOsW(2C1)) o (HM,W1202) )y (SCALEH,W{203) ), (DELTAM,W(204)),

2{HT W (2G50 ) o (HNyW(206)) 9 (DAR,W(207)) s (DAT ,W(208)) ,{DAP,W(209)),

3(THETAG,W(213) ), (PHIQ W (214) ), (ETHO,W(215) )4 (EPHO,W(216)),
4(ETCCy W(217)),(EPCO,W(218) )4 (EKTHO,W(219)),(EKPHC,W(22C)),

S{EKTCOyW(221)) 4 (EKPCO,W(222) )3 (PERIODW(2L1))4(Tyw(21));

S(CENTRCyW(264) )y (HMAX yW(284) ), (TRAVEL»W(225)), (N, NW(299))

 W1201)=CRITICAL FREQUENCY AT REFERENCE POINT

11

13

w(202)=LAYER PEAK HEIGHT AT REFERENCE POINT
W{202)=SCALE HEIGHT OF THE LAYER
W(204)=PEAK PERTURBATIGN
W{205)=HEIGHT GF PEAK PERTURBATION
W(206) =THICKNESS PARAMETER OF THE PERTURBATION
W(207)=WAVELENGTH IN THE K DIRECTION
W(208)=wAVELENGTF IN THE THETA DIRECTION
W(205)=WAVELENGTH IN THE PHI OIRECTION®
W(211)=PERIND OF THE TRAVELING DISTURBANCE
W(212)=TIME INCREMENT FCR TRACING RAYS
W(213)=VALUE GF THETA AT REFERENCE PGINT
W{214)=VALUE OF PHI AT REFERENCE POINT
W(215)=GRACIENT OF PEAK HEIGHT IN THE THETA DIRECTIDN
W(216)=GRADIENT OF PEAK HEIGHT IN THE PHI DIRECTION
W{217)=GRADIENT GF FC IN THE THETA DIRECTION
W(218)=GRADIENT OF FC IN THE PHI DIRECTIUN

[

_W(225) EQUAL TO NUNZERQO DISREGARDS THE TRAVELING CISTURBANCE

CALL ERRSET(208,50C,~1y1) o

GG TU (_1l, 11,y 13, 14y 15 )y NTRY

UNLY =0

MONLY=0 )

IF (R(1).6T49999.9) GC TC 16

IF (R{1).GT.RB) GO TO 16 . - . e

CH=REL)=EARTHR - - - — - - - T T T T L T

E2MAX=30.0 : : |

R2=R(2)-THETAG

R3=R(3)-PHIC __ L
ETC=ETCO+EKTCO#T

EPC=EPCO*ERPCOAT e e
ETH=ETHO+EKTHO*T

EPH=EPHO 4EKPHO*T L .
TERMCO=R2*ETC+R34EPC
TERMO=R2KETH+R3XEPH
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HMAX=HM+TERMO
FC=FCC+TERMOO
_TPI=2.%PI
F2=F*F
PXPR(1)=0__
PXPR{2)=0
_PXPR(3)=0
PXPT=0
FC2=FC*FC
RN=HT+EARTHR ,
I=(H-HMAX)/SCALEH . i
TERM6=DEXP (45%(1,-Z-DEXP (-2)))
o TERM-'-OS*!_-J.Q’DEXP LZI, .
969 IF (TRAVEL) 25,26425 o
25 DELTA=Q_. _ '
GO TC 30
26 TERM1=(R(1)-RN)}/HN _
TERM2=DEXP (-TERM1*TERM1)
. TERM3= TPL#L]/PERIOD+RN#R2/DAlilﬂill___JLQA&_*ﬂigileR(Z))*RB/DAP)
TERM4=DCOS (TERM3) .
TERM5=DSIN (TERM3)
DELTA=DEL TAM*TERM2*«TERM4
TERMB=TPI%(RN/DAT+RN*DCOS (RtZl)*Ra/DAP)
TERMG=TPI*RN*DSIN (R(2))/CAP
.30 FN2=FC2XTERM6® (1o +DELTA)
X=FN2/F2
IF (W(77)+EG.{0.5)) GC_TO 964 e e
PRINT 9639 XByZByRByXsHyGoHYHO.
963 FURMAT _(* *',8(EL10.2,3X)). .
W(77)=Ce5 :
..964 CONTINUE
IF(X-1,E-30) 51,50,50
50 1F(ONCY=1) 21, 1000,21
.21 ONLY=1_ __

f

|

|

. I
IF(X) 2291C00022 |

_ 22 TERM12=TERMT¥X |
TERM10= DELTAF*TERHZ*X/(1.+DELTA) |
PXPR{1)=TERM12/SCALEH . -~ . B e
IF(TRAVEL) 1000,35,1000 : {
|

f

|

{

|

{

|

... 35 PXPR{1)=PXPR(1)~ 2.*TERM10*(TERMI*TERM#/HN+Pl TE_Hﬁ/ AR)

}

TERMLI1=2,#X/FC
e JERM13=TERMO*TERMIOQ — :
PXPR{2)=-TERMB*TERM13-TERMI2*ETH/SCALEH+TERMII*ETC
_PXPR(3)=-TERMIXTERM13-TERM12%EPH/SCALEH+TERMLL*EPC
PXPT=~TERM13*TPI/PERIOD+TERML1# (EKTCO*R2+EKPCO*R3 )~ TERMIZ‘(EKTHO*R
 _12+EKPHG*R3)/SCALEH
1000 W(74)=X
RETURN - »
14 READFN=0 L |
o RETURN. I - i
15 RETURN S |
16 _F2=F*F ’ - -

- e -
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S1=DSIN(1e57-R(2))
C W(77)= HEIGHT TC EXOSPHERE -
C  W{78)=EXCSPHERIC TEMPERATURE (KELVIN)
IF (W(77).LT.1.0) GO TO 53
RB=W(T77)+6370,0 :
ZB=(W(T7)=-n(202))/W(2C3)
G=G+BE=N34((6370./(RB ))EE2)
XE=((Wi2Ci)/w(3))*52)35DEXPL., 5x(1.~zs “DEXP(~ZB1))
XBA=XB
HY=0.848%(( RB/6370.)*%2)%4w(78)/1.008
W(T77)=0.0 S
HG=1.008%HY/16.

53 CCNTINUE
XB=XBA*16CCe/(Fa=2)
C1=DCCS(1e57-R(2))
$S2=DSIN(1.362DC)
C2=DCOS(1.3€200)
S3=DSIN(R(3)-5.09)"
C3=DCOS(RI3)-5, oq)“w_wmm“;“_w_,
1 §12=S1%52
C123=C1»C2%C3
C23=C2%C3
C12=C1*C2
BETA=1,-S12%S12-C123%(123-24%514C1#525(24C3
PXPR{1)=C,C -

PXPR(2)=C.C"
PXPR(3)=0.0
7= RB*(((R(I)-RB)/R(I))+(2 675E~- O9/G)*BETA*((RB~*3 (RU1)#23))
1/RB/R(L))) .
H=R(1)-EAKTHR
CIF (HelT.35800.0) GO ro 612
x=0.0
GU TO 1rce
612 CONTINUE
Ql=1+/DEXP(Z/HC)
02=1e /DEXP(Z/HY)
X=XB¥DSORT((G1+(5. 1E~ 04)*02)/(1 00C511)
IF (MONLY-1) 2€,100C,20

20 MONLY=1
PXPL==(XB4*2 )% (Ql/HO+5.1E~-04%Q2/HY)/(2.00102%X)
"PIPRL=RBE((RB/(R(L)*%2))-(2+6T56-09/G)I®BETA*(2.¥R{1)/RB
14(RB/R(1))222)) '

e - —ALFAS(RB¥ 24675 E-09/G) % {RB¥#3—(R(1)#*3))V/ARBSR(L D) = - —
PIPR2Z==ALFA® (=2,4SI*S24S2¥C142.%C1%S1#C23#%C23-2,*C1*#C1752+C2*C3
142.,4S1%#S1+S2%C2%C3) N
PIPR3=ALFA®(+2,#C12*C124C3%5342,#S1¥C1%S24C2%53)
PXPR(1)=PXPZ*PZPR1
PXPR{2)=PXPI%PIPR2
PXPR(3)=PXPI*PZPR3 _
GG TO 1000
END
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