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~O. ~~~tract.
Chapter 1 describes some features of new and more accurate scintillation

data at 257 MHz from a high elevation satellite (MARIsAT 1). Observations at
Legon yield improved results on depth of fading, fading as a function of eleva-
tion , and some initial results on fading as a function of frequency and longitude.
These data are cor~pared with earlier 136 MHz results from Legon.

Chapter 2 describes the phase switching system used for making the above
satellite signal amplitude measurements.

Chapter 3 gives a description , with circuit diagrams, of a polarimeter used
at Legon for both digital and analogue Faraday measurements.
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A B S T R A C T

Chapter 1 describes some features of new arid mere accurate
scintillation data at 257 MHz from a high elevation satellite
(MARISAT 1). ObservatIons at Le~~r. yield improved results on

• depth of fading, fading as a function of elevation, arid some

initial results on fading as a function of frequency and longi-
tude. These data are conpared with earlier 136 ~v1Hz results from
Legr~n.

Chapter 2 describes the phase switching system used for
meking the above satellite sIg~ia1 amplitude measurements.

Chapter 3 gives a description , with circuit dIagrams, of a
polarlmeter used at Lepnn for both digital and analogue Faraday
measurements.
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SOME FJRI~~~ S~LUDIE.S OF EQUA’IORIAL SCD~YTIUATION

1. fl’IIRODUCTION

A considerable volume of’ data on equatorial scintillation has

been obtained at Leppn, Ghana (5.63°N, —O .l9°E) , since the launching
of the first synchromus satellites visible from that part of’ the

~~r1d. 1I~b1e 1 below gives a brief sunn~ry of the data presently
available at the station.

136 MHz SCINTILLATION DATA

SA~IEtLTIE DATR DATR SPACING CARDS DISK FILE DISK
BEGINS ENL$ IN MINUTRS ? ? NAME

Early Bird 23—5—65 12—8—65 5 YES NO

Canary Bird 18—5—67 23—5—68 5 YES ND
Early Bird 9—~4~69 26—6—69 5 YES NO
A’IS-3 2—7—69 22— 12—69 5 YES NO
A~~—3 11—6—70 1—14—7]. 10 YES ND

11—6—70 30—6—70 15 YES NO

1S2F2 5—14—71 17—5—71 10 YES NO

1S2F2 9—6—7 1 29—8—71 10 YES NO
A~~—3 30—8—71 5—10—71 10 YES NO

A~~—3 1—9—71 27—11—76 15 YES YES Sl136 03.AD
• IS2F2 6—10—71 28—9—72 15 YES YES SI2ND ]J~FC

I52F3 28—9—72 16—11—714 15 YES YES SI2ND ].PIFC

GOES 1 27—11—76 27— 11—77 15 YES YES S1136 Ø3AD
• A’I~—5 5—5—77 30—6—78 15 YES YES 51136 Ø3AD

SYMPHONIE 1—11—76 31—1—77 15 YES YES sYrvr76 Ø3~J)

257 MHz SCINTILLATION DATA

T~rIsat 1 16—3—77 30—6—78 15 YES YES S1257 1AFt

• The mest recent addition to this data is that on 257 MHz, recorded
frccn the satellIte MP1RISAT 1.

-
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where is the power of the 3rd hIghest peak in the interval,

arid ~~~ is the power of the 3rd lowest trough respectively.

In addition to this, a secorx~ anlysis was made, using the
difference of and ~~~ expressed In db as a measure of the

fading. This latter method Is n~re suitable for the investi~~tion
of deep fading, since the scintillation Index crowds nest of the
deep fades into the extreme upper limit of the scale. All fades
deeper than 16 db , for instance, are crowded into the last 5% of
the scale.

These data were stored on disk files identified as SI257 arid
DB257, respectIvely . Both files cover the interval from 16—3—77
to 30—6—78 , inclusive.

• 3. ‘lIE CONIOURS OF S.I. FOR A YEP1R

FIgure 1 shows the contours of the percentage occurrence of
SI > 60 for a period of’ just over one year, (16—3—77 to 30—3—78).
A number of features in the dia~’am are worthy of note :

a. The equinoctial maxima are very prominent. The fact that
the March maximum is higher than the October one is not
typical , however. It is probably due to the fact that the
period covered is on the rapidly rising nortion of the
sunspot cycle. March ‘78 saw a drariatic increase In solar
activity , with corres~onithg increases in total electron
content and scintillation activity .

b. The maxima occur well before midnight. This is in a~ ’eement
with past Legon results where saturation effects were not e
sI~~if icant factor. It is also in agreement with results
from Huancayo (J. r~’Tul1en, private coirrnunicatiori).

c. The very steep evening rise In scintillation , especially at
the equlnoxes, is noteworthy. This indicates an a]rrost
explosive beginning of equatorial scintillation.
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d. The onset of’ ~.ccn’J
’
~o~~r f’~2Jc’.-.. ~~~~:... : ~~~~~~~~~~~~ Cr

two hours. But th-~ eer.t:ci’~ t r iot f’ Lo.~. ca~ s i m  0

line very e~•

e. There i~s :Jts~~ intI~~ ~oj r’i a~- . . . i tnt. : . ~r .’-u~: ~s-urs ~-efj r

~~vember, ‘77 . After toot, It 1~. ores . .:o , cuL the r lrr il~i~ l nr.

indices are reietivol:~ low .

14. ThE P~lBABLLITY OF 7AR:~~z3 LAEVILS OF 2. t. ~2.tT;Th ..2’~.

Fi~~re 2 rno~”s a slot of th c h.i ’J~~ of ~ cc r . . ~oc cr ’ v~
levels of Sc! e~Tht1.or. indey es ~~~~ : :2 .~~ : ~. of - :-t Tr~
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~

period 16—3—77 t~~ 3l-3— ’~ . ‘ce :s.i•: ‘.s c~ l . ’i t ’  :1 o r
characteristics of ’ the curvc~
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b. The dees~mc f:Je’s ‘-‘e~c-. ‘:r r ’ii-:r ‘‘.ee • “rc~ .
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~~
‘
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The abor~ o r~ ct .er~st~c5 s ry ~c~,t a naximur ~~ !r.~~~uiarIty rroduc.-

tion snorsly oft .;P Jnc O~:rIc ~
- ic os~ t - ~- tcr :r~~ . lOlL Is 0551

due to .-~onc~oat older f~re l nits’~s, or hrh th.~ II st. scn1-.~ sf:~
r~iv5 :iro:uy ~~~~~~~ ‘roe pro~r~-srieo: ~~~~~ tIe lc.~’~ r

levels of’ sc:ntilloslc.o o~tj.~nev cs the r:nr~h: or.’~ ,s .rser Is t: be

expec ted .
Ir: .acd!tlc. t~ toe 1oe•r . , two .n~o f l i r  .~ar spls , ccrtred en the

October orid ~sx’r. ooeinox FL.: t1x i~ i~ , •~n-o lnr~~r ~~~~~~~~ The ~urv~r

~u~roe in most. r€ ~r~cct s w~tt  F~ -ete . (
~~L s’ooIl (0’ ’ereoc. . is that J1

eur~r ::; rise 1r2 . 2. L .  ~~p 
~~~~~~~~~~ ~ tl~ : rO ,LrJ ’r ht . The iali—of’f’ Is
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5. MARISAT 1 AND DEFIIi OF FADING

FIgure 3 shows a plot of the probability that fad ing on Marisat
1 exceeds levels of 0,5,10,15, arid 20 db. The plot covers the period
16—3—77 to 31—3—78 — the same as that covered In Figure 2. It gives

an indication of scintillation depth at a time midway between sunspot
minimum arid sunspot maxilTun.

To facilitate comparison with SI curves shown earlier, It is
useful to note the relationship between SI arid ~~

DB SI

0 00
5 52
10 82
15 914
20 98

These curves represent the best Legon data available to date for
determining the depth of fading. They are useful inasmuch as they

show the distribution of very deep fades better than the corresponding
plots of’ various levels of SI. We ~~uld like to point out, however,
that the curve for the deepest fades (> 20 db) is probably too low,
for two reasons .
a. Calibrations were Initially not always extended carefully

enough to the region around the noise level. An extrapolation
then used by tne computer pro~~’am tended to underestimate the
depth of the fades. This fault was corrected near the end of
the period covered.

b. The relatively long (1 — 2 sec.) time constant of the chart

recorder reduced the depth of fading at high frequencies.

This would tend to reduce fading depths around 21 hours , 4 :

when fad ing rates are hi~,est. It is difficult to estimate
the n~~ tLtude of this effect at the present time.

For these two reasons, the 20 db probability curve should be taken
as a lower limit. A n~re accurate curve may be considerably higher.

L 
- . .~~~~~~_ _ _ _ _ _ _ _ _ _ _ _
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6 . A C A~ISON-O- ~ARISAT 1~ESULTS ~1r2h ~~ UL~~ 3~~~1~~ FROM oi~-- -5

6.1. fl~IRODUCTION

At this stage it seems usefta to conpare some of the curv

obtained frcm the observations of MARISAP 1 with curves ob~athed 1~-~e~
A~~—5. The latter satellite was observed on a frequency o2 136 ~~ .~~~~~~,

arid It was located at roughly 700 west lon~~tude, so t~~t ~t ~~ ~ e

110 above the western horizon for an observer in L~i~pn.
In canparing the curves , we ra~.st be aware o2 at Ira ’ ’ . thr:

factors that can affect our results. ~‘~ey are:
(a) Differing frequencies — 136. 147 ~~~~~~ 257.~

’ 4 ~ ~~s~~rr ~~ ~~~~~
(b)Differin:. elevatIon — l1°and7O0 r . . ~~~

(c) Differ ing receiver tisr~ constants — 0.2~ sec and ~4 . J cc

respectively .

We mig,ht c~ rnior. in assLn~ that ) ±shr~ it c~a.y seen~, t.ht .

differenc e in ‘ee uerc j De~~~ CCn the two set s of observatIons . j~ t f: ub~~
the least lsntcrt2nt of the three differences. .~ o r~ u~ is brs ’~d or

the fact that MARISAT arid SIRtO (136. l~4 ~~z) we~e be1.r’~ reco~~ed sirnul —
taneously on ad,j acent channels of a strop cnart r ec~ . - roe’. These two
satellites were at virtually the sax~ elevation , arid their receiver t~sse

constants were idcrt!cal. A rough ccznp~rison of the records showed that
they were virtually indistinguishable to the unaided eye. A c~re2u1
analysis with accurate calibrations will probably show an enhanced
scintillation .nde~ at low levels cf scintillatIon fur the l~~rer
frequency s1~~ul — b :t the cifference wIll surel:; not b2 hreat . It
seems fair to soy that , of the three dI.fc -’enc.es being coosiderod , th”
difference in frequency probably has toe si~~l1est eff’ect on our curves.

~‘kich greater dl ~‘2erences are introduced by elevaticrr and ti1i~~ COne tant
effects.

We here wIsh to ca~~are curves for MARISAT I and A~~-5. The

curves for ATS—5 cover the period 1—12 -“7 to 31-1—78, and are shown
in Figure ~~~. Corresponding curves for ~ARISAT over the same period
were drawn~ hst since they do not differ significantly from FIg~re 2
the latter will b~. used In the comparison .

_ _ _ _  - ~~~~~~~~~~~~~~
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6.2. ThE MARISAT 1 CURVES

The M3risat 1 curves have the following characteristics:

1. The scintillation curves rise very sharply.
ii. All the levels rise together; the curves are

ajmest coincident in their risin g portions.
iii. The peak values occur relatively early — between

21 hours and 22 hours local time.
iv. The curves are well spread out on the descending

portions, scintillation becoming less probable with

time. The severer scintillation disappears first .

6.3 .  ‘IHE A~~-5 CURVES
The main characteristics that appear in the A’IS—5 curves are

the followin :

i. Curves for the lower level indices rise sharply;

those for the higher levels of S.I. rise much m ore

slowly .
Ii. Curves for the lower values of S.I. rise much higher

for ATS-5 than do the correspo nding ones for MPIRISAT 1.
Iii. The tops of the curves for low values of S.I. are

almost flat — indicating some sort of “saturation~
that is not apparent fri Fi~~re 2.

iv. The curves for higher values of S • I • are much lower.
v. Their peaks occur much later - around midnight or later .

6. 14 . DISCUSSION

¶1~~ main features are to be discussed here.
a. Lower levels of S.I. are much nore frequent on signals

fnom ATS-5 than on those from MARISAT.

b. Higher levels of S. I., on the contrary, are relatively
less frequent, and rise much more slowly on the A~~—5
signals than on those from MARISAT.

-‘ 
.
-
- ‘ .- . .  ~‘ ~~ —~~~

‘ .~
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Feature (-a ) is not surprising. One would expect rr.rc

lation on a sip~al from a low elevation satellite , since. it r~~ses

through a greater effective thIc~oiess of’ Ionosphere than ioes 
~~
. s!g~oJ

that comes from near the zenith. Hence, one woald expect toe- curve

for SI greater than 0% to be both higher, arid also wider , t~-’.~in its
counterpart from overhead. This agrees with the exper lni rnt 11 - ~~~

Feature (b ) Is somewhat less obvious , and ~-eq . ires 1~-rme exp lan

t ion . Why should the higher levels of 5 . 1.  rise rr~rre s . ~~iy, :‘e~ i’

later , and reach relatively lower levels far ~ht ’ iow elrv~.don ~ ..

than for the one at the zenith? It~’e~ nc-s3ihle ~a-~ — 
~~~~~~~~

-‘ St ti~~~ S-

selves
1. It could be a matter of the difference of ~~~~~~~~~

But further invest iç~ .tion showed that ~L .O is not ehe

case. Curves from the Italian satellIte S PIC) , i’ec :r~ie~i
using equI~nent nearly identic al w~th t.~a~t used for r~1$~ T
yielded curves aJ.mest identical with those fo:’ ~~~~~~ 

r

curves are not shown hare, since the data ;-ia:- - .oa var nc~.
finished at the time of .‘irltinr.

ii. It could be a matter of lostrumentatiori — s~ r- ,~i~~u - J ’  , a

matter of the different t~jsc constants used to the output
circuit of the phase sensitive detector USE-u . In the case
of MARISP~T, this w~s O.2T urccnds (made Oosslbie by the ~iier~
si~~al to noise ratio) . But in th~. case of ~~~~~~ ai ’~u of
mest of the scintillation meas ient~. r~adu at Le~~n wlth
relatively weak si~~a1s ( due bet.h to low aerial r~ ir~s arid
low radiation levels from the satellites ) the output time
constant was typically between ~ and 6 seconds. This would
lead to the selective att enuat ion of the hiahur feding
frequencies. Measurements macic on ATS..-3 (1c ~ elevatIon) arid
Symphonic (high elevation) are discussed below. Rth sets of
curves show the characteristics of Fl~-~ur~

~
..
—

- • __ _ ___a._
• ,~ -
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ill . A third factor that can contribute is what we call
‘iaturatiori”. At lower elevation levels, and at

lower frequencies, the n~ian level of the signal is
often seen to be very much attenuated during tu nes
of’ severe scintillation. Hence, the scintillation
index derived from such signals Is correspondingly

low. It would be interesting to use a very high
aerial gain , arid correspondingly short time constant
on a satellite near the horizon, especially at a
lower frequency, arid determine whether the diminution
cc~nes mainly as a result of the long t1n~ constant, or
whether It is largely contributed by the ior~sphere

It self. The answer is not clear at the moment .

- ~~~~~~~ ~~~ - ~~~~~~~~~~~ _~~~__  -~~~~~~~
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7. CCt~ P1RISON C~ CtJ}WES DERIVED T~RC~1 S~~PHONIE -~~~~~~ C~OE~S 1
To throw ft~rther light on the discussIon a earir~ aoovc • a

conparison was made between results of simultaneous records ~~~~~~~
fran two satellites which radiated si~ials at essentially the sa’r~-

frequency, but with very different elevations. The main facts abour

the two satellites are given below:

SAT~ LITE ~IPJvE: GOES 1 SYMPHONIE
FREQU~~CY: 136.380 MHz 137.200 MHz
ELEVATION ANGLE: 06° 710

DATES 0BS~~VED 1-11—76/31-1—78 Same

TIME CONSTPjNI’ USED: 6 seconds ~4 sc~~~ il~

The probability distribution of 3.1. was p1~Lt€d to’ Ca :

satellite at the usual levels (>0, > 20, > L~Q, > 60, > 80). The fo11-;~;-

ing points are to be r~ ted in the comparison of the two curve~:
(a) The curves for GOES 1 (the low elevation satellite)

rose higher than the correspominp~ curves for SYMPHONIE
( the high elevation satellite ).

(b) Both showed a much more gradual rise, e specially for S. I.

greater than ~0, than do the curves shos~’n i. - i~-r~re 2.
They much more closely resemble Figure ~ in this respect .

(c) ~~th show a broad, flat—topped curve for lower levels of
S.I.,, much as do those of Figure ~4 .

(d) The curves for GOES 1 are also wider (I.e. of longer
duratIon) than those for SYMPHONIF .

(e) The curves for higher levels of 5.1. for both satellites
had peaks well after mIdni~~t.

We suitnarize- the main facts in the table below :

SATELLITE GOES 1 SYMPHONIE
Height of S.I. > 0 curve 76 148
Width at half—power points 5~40 minutes 1435 minutes
Shape of low S. I. curves Flat topped Flat topped

Shape of high S. I. curves Peak after 0 Hours Peak after 0 HourF
Height of S.I. > curve 20 1~4
GMT of mid—rx~Int 00 :30 00 :00 

- ----- - - - - - - - --
,
.--- - --- s~- ~~~~~~~ ~~~~~ —
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C0NCL1~~IO~~
(a) The difference In elevation affects the height of the curves .

Lower elevation s yield higher curves .
(b) The difference in elevation affects the width of the curves .

Lower elevations yield wider curves.
(c) The difference in elevation does not affect the general

shape of the curves . Both are flat-topped for low S. I . ,  arid
have peaks after midnight for higher values of S.I.

(d) Midpoints between the half power points show the expected
time lag, i.e., the western satellite lags behind the eastern
one in time by about 30 m Inutes. The amount that a low
elevation satellite curve lags behind the curve for an over-
head one depends on the effective height of the irregularities
causing the scinti1latIon~ I.e., on the location of the
ionospheric point . For satellites at elevations of 6° and
710, the corresponding heights arid time lags are as follows:

6° 71°
I€IGI-rr TIME LAG TIME LAG

100 km 23 mm i m m .

200 kin 38 m m .  2 m m .
300 km 149 m m .  14 m m .

~40O ku 59 m m .  5 ruin .
500km 67mm . 6mm .

G00 1~n 75 mm . 7 m m .

We note that our observed value of 30 minute time lag corres-
pond to an effective height of about 200 km.

(e) A saturation effect is occurring. While elevation and the

long time constant may both contribute to it, the evidence
seems to point to the long time constant as the main contri-
buting factor. This is supported by the fact that results
obtained from SIRIO using a short time constant do not seem
to show the same effects. This is a rather qualitative
statement , however, since the SIRIO results have not as yet
been fully analyzed .

-- 
- 

- -  -
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The existence of this saturat ion effect has a ~‘~r:’
profound effect on most of the scintillation resu lts c’~t a1ric~
in the past f’rcin Le~~n. Whenever the satellite radiated
power was low, arid the ae~’Ial ~uin also rather low , it was
necessary to use a rather long t ime constant to obtain a
satisfactory sIp~al to noise ratio . Values used were
typically between 2 ar~i 6 seconds .

This saturation effect can lead to a ~‘oss under-
estimation of the depth of fading to be expected - -n
cauinunication links , where fading at hi~~er frequencies
is likely to play a major role. For suen e~~ ~~~~~~~~~~~ o~..fl

MARISAT i results ~re much to be pre fer - - .. Even they rr~~
lead to an under-estimation of fading depths at higher
frequencies, due to the time constant of the pen recorder
used (1 — 2 sec.) .

The appearance of saturation i~ L~gon results Is not someth1n~
recent or new . The very first results obtained using radio stars
and phase switching inter ferometers were characterized by the expect~- ’
amplitude variations for low levels of scinti~lati~n. But deeper

• fad ing, especially around the equi.noxes resulted in the total di s-
appearance of radio star sI~ iatures frau the chart records. The
mIddle latitude standards of scintillation levels could rot be used H
in the anal ysis of equatorial radio star results, and a simple scale
based on the degree of disappearance of the s1~~ature had to ~.e

devised (Koster , 1958).

8. SCTh?~ILLATI0N ONSFTI’ TIME AS A FUNCTION OF LONGflIJDE AND ELEVATION
The dependence of scintillation on elevation arid on longitude

at Legon has never been fully determined. The problem Is a rather
difficult one unless one has a variety of satellites to ~ork with .
There have been quite a few satellites to the west of Le~~n over the
years , but not very much to the east for any l~ igth of time .

Some start was made to the task when Mr. Lawrence ~nuaeshI
analyzed scintillation results for three satellites over a period

of six months. One of the rather puzzling things that he found wa~



-
_TT _ _ _ _ _  _ - _ _ _ _

that scintillation se~~~d to start on the western satellite more
frequentl y than it did on one further east . Since scintIllation
is a night time phenomenon , and seems to be triggered in sar~ way
by ionospheric sunset , one might expect to find scintillation
starting first on the eastern satellite of an E—W pair more
frequently than on the western one.

The above results were rather puzzling, arid imedlately raised
a ntxr~er of questions :

(a) Is this result obtained if one uses much more data?
Could It possibly just be a statistical fluctuation
fran using too &nall a nijr~er of cases in the study?

(b) Is the unusual result due to a genuine longitude variation
in the frequency ar id intensity of scintillation?

(c) Could one explain the result in ter ms of a difference in
elevatIon , since Muaeshl s eastern satellite was usually
at a relative ly high elevation ; his western satellite at
a low elevation?

Below we set out the Investigation made to try to answer these
questions . The data available for analysis consisted in the foflowlrr ;

(a) 15 minute scintillation Indices for A~~—3, fr om 1—9—71 to 21—10—76
(b) 15 minute scintillation Indices for 1S2F2 , fran 6—10—71 to 28— 9-7T~
(c) 15 minute scintillation Indices for 1S2F3, fra u 28—9—72 to 16—11

QUESTION 1: Do other data on h~rid ~~ve results consistent with
those found by Miaeshi?

Amaeshi considered his records on a “yes no~ basis for each
15 minute interval . Hence , we did the same . No use was made of thc
actual value of the scintillation index. In this first att a~~t , all
the avaIlable data were used, 1138 days in all . The satellite ATS—3
was stationary at 70 de~ ’ees west longitude, at an elevation of 12°
as seen from Leppn. The satellite compared with it was alwa,ys the
east of A~~-3, though not always at the same longitude . 1S2F2 moved
slowly eastward during the period given above, eventually disappear-
ing below the eastern horiz on. 1S2F3 rose from the west to an

k~~.. -- -- . -  . — ~~~ ~~~~~~~~~~~~~~
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elevation of about 800 during the period of observation , then
slowly dropped again aixi disappeared below the western hon zor ,.
The data were treated as follows :

Lata between 18 hours and midnight were considered .
A day was accepted if at least one satellite had a value ~~~~

‘

SI >0 .
Lays with missing data were rej ected .
Lays with no scintillation on either satell ite were list .~i
as quiet .
t~ys with scintillation appearing first on the E satei1~te
were counted .
Lays with scintillatIon appearing first on “ ~ W sat ~l1Ite
were counted .
t~ys showing simultaneous incept ion of scintillation were
counted.

RESUL~ OF ANALYSIS 1
Beginning day : . . . . . . . 6— 10—7 1
&iding day : . . . . . . . 16—ll—7~
L~ys with Fast scintillating first : . . 4]J4
Lays With \4est scintillating first : . . ~46l
Lays with simultaneous onset of scintillation 1~46
Quiet days : . . . . . . . 61
Lays rejected : . . . . . . . 56
Thtal days: . . . . . . . 1138

It must be concluded that the results of a three year period
of observation confirm the result found by Arna eshl. Scintillat ion
began more frequent ly on the western m~nber than on the eastern
n~~iber of a two satellite pair , separated In longitude . E*irlng this
experiment , the eastern satellite was above an elevation of 600 most
of the t ime; the western one was at a constant elevation of 120 .

C~JFSTION 2: Is the unusua l result due to a genuine longitude
variation in the frequency of scint illation?

‘lb answer this question , one would like to compare a large
aii~ unt of simultaneous data from satellites at comparable elevations —

~~~~v •
. 
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but with ver~y different longltu les. This is not possible with
our available data , since there Is relatively little data from

sate11ite~ to the east of Legon. 1S2F2 did move to the eastern
horizon, but it was moving very rapidly at that time, arid only a
few days were required for i~ to disappear cc:-~plete1y. Most of

the 1S2F2 data are f~’cin r~~ h higher elevai ion~ than that fran
ATS—3. Hence, we leave th~~ :~stion , ~r~I move to the third ,
where our available data ~~~~~~~ r~ive us sorr.~ an~wers.

QUESTION 3: Can one explain c}-.~ o~ ~ rvat ioris in terms of a
difference ~r- t~lL~ra~ ion of the ~wo satellites?

This question was initially en ’oa he.~ by including In the
analysis only those nir~n~ : c:-i ~-iic

’
~ ~ ii ~t~on appeared on both

satellites. It has bee~i ~b~- :  ~~f that a low elevation satellite
frequ ently shows relative ly .all :Lrit~f lation indices when an
overhead satellite shows i~one a~ afl. L-~~ could be due to the
much longer ionospheric p~1~h of the ~ip~-~- .l ñ~a~-i the low elevation
source; it could also be due to ~-athcr c:thanced scintillation
effects from rays incident cr t~-~ ic io~ ~~~ at near glancing
incidence .

Initially, all other conditions in the anlysis were unchanged.

Days showing scintillation on one satellite enly were listed as
quiet . Results were as follows :

Lays with E sa l11t-~ scinti11at1u~ I ~ ‘st :  391
Lays with W sate11lt~ sciritI1lat~ng first : 318
Days with sirnultancou~ start of scIntIllation : 167
Quiet days . . . . . . . 202

Lays rejected . . . . . . . 60

The result now coinci1~s w~tth c-ar ~. :~pcotation. On the average.

the eastern satellite be~ :n to scir .tllla’~~ before the western one.
The previous result s sec~ to have boon d.e  to the effect of days
having no scintillation at all on the h:L~h—e1evation satellite .
Both a longitude dependenc e -in~ -an elevatio:-i dependence of scintil—
lat lon could contribu te to ti-; ~ ah~vc ~-‘er~ lt. The elevation se~ns
to be the more irnportan b o: ~~~.

_ _ _  _ _ _ _ _ _ _ _ _ _ _ _  -~~~
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A third ar id fourth analysis were rrade to try to clarify things
further . For the third , only 1S2F2 and ATS—3 were used . Lata were
confined to those days on which the elevation of 1S2F2 was greater
than 60°. ThIs means that the satellite was within ± 25~ of the
longitude of Legon, and the ionospheric point was with in about ± 2°
of the longitude of Legon. The longitude of A’l~-3 was 70° west of
that of Legon , ar id the ionospheric point longitude for ATS—3 was at
12° W. Lays considered were confined to those on which scintillation
Indices of 60% or greater appeared on the IS2F2 record . For the
fourth analysIs, data from 1S2F3 and ATS—3 were c~ns1dered in the same
way as In analysis 3. The results are sunriarized in th c table below :

ANALYSIS NO.
Satellite used: ATS—3 used 1S2F2 1S2F3

Starting date 7—10—71 27—1—73

Ending date 111—05—72 15~3—714 - ‘

Lays with E satellite scintillatin g first 90 121

Days with W satellite scintillating first 117 96
Days showing simultaneous scintillation 146 38
Quiet day s 314 151
Days rejected 5 7
Total days 222 1113

9. ThE DIS’lRIBUTION OF SCINTILLATION AS A FUNCTION OF TIME
USING EARLIER RF.StJLTS

- FIgure 5 shows the percent occurrence of scintillation on the
satellites Goes 1 (elevatIon 6°) and Symphonle (elevation 70°) , from
Nov~nber ‘76 to January ‘77 inclusive. These data represent sunspot
minimum conditions. Attention is called to three characteristics of
the figure .
(1) The high elevation satellite (S~nnphonie) shows a lower

percent occurrence than the low ele iation one (Goes 1).
This persists throuj hout the night .

(2) The curve for the high elevation sa~el1ite Is narrower
than that ~or the satellite near th~ horizon. The half—
power points are sketched into the figure .

___ - 
— -  
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(3) The midpoint between the half—power points shows the
expected time lap . The high elevation (eastern) satellite

leads the lower elevation (western) one in time .

The curve shown in Figure 5 is typical of a family of 12 curves
that were drawn - each repre senting three months of dat a. The charac—

teristic s mentione d above were present in all of then . A few
differences are worth noting:
(1) As scintillation becomes more probable near the equinoxes , or

nearer to sunspot maximum, the percent occurrence tends to
saturate. In these cases the curves become more nearly equal
In height and in width. But the time displac~~ent of the point
midway between the half—power points r~nairis.

(2) If one plots the mean value of the scintillation index a~~i.nst
time, Instead of the percent occurrence, the curves exhibit the
characteristics described above. ~~t they also tend to show a
more prominent peak in the pre—midnight period. This same
characteristic has been mentioned In describing our results for
a higher frequency satellite (MARISAT 1).

The above curves show why, when one observes two satellites at
very different elevations, the low elevation satellite n~y frequently

begin to scintillate first, even though it Is positioned west of the

high elevation counter part .
A fur ther ren~rk can be made about analyses 3 and 1!. If one

takes the ratio of days with the east satellite scintillatin g first
to days when the western one scintillates first, we get :

For 1S2F2 (3rd analysis) the ratio is 90/147 or 1.91
For IS2F3 (‘4th analysIs) the ratio is 12)/96 or 1.26.

On the average, 1S2F2 was further east than 1S2F3, and we
weuld expect that , other things being equal, that scintillation
would more frequently begIn on 1S2F2 than on 1S2F3. If there were

a serious longitude dependence of scintillation , with scintillation

_____________________________________________________________________ -
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less probabl e to the east of Legon than to the west (as Basu’s
result s seen to show) , it weuld tend to reduce this rat io , rather
than to enhance it. But other things are not equal in the above
comparisons, arid It is dange rous to draw any conclusion fran th&n
except that a large elevat Ion effect can easily explain the abo’;e
observat ions ; a lar ge longitude effect cannot do so.
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FIGURE 1 Contours of Scintillation Index. MARISAT 1 (257.55 MHz)
Percenta ge Occurrence of Scintillation Index > 60

16—3—77 to 31—3—78 .

FIGURE 2 Probability that Scintillat ion Index exceeds various levels
as a function of local time . MARISAT 1 (257.55 MHz )
16—3—77 to 31—3—78 .

FIGURE 3 ProbabIlity that depth of fading in db exceeds various
levels as a function of local t ij *~ . MARISAT 1 (257 . 55 MHz )
16—3—77 to 3 1—3—78 .

FIGURE ‘4 Probability that Scintillation Index exceeds various levels
as a function of local time. A’IS—5 (136.117 MHz ) 1—11—77 to
31—03—78 .

FIGURE 5 Percenta ge Occurrenc e of Scintillation on GOES 1 (Elevation =

6°) and SYMPHONIE (Elevation = 71°) 1—11—76 to 31—01— 77..

FIGURE 6 Mean Daily Sum of 15 minut e per iods showing Scintil lation
Index > 10 for ATS—3 (Solid 1~~ts) ar id 1S2F2/1S2F3 (Circles)
October 1972 to Novomber 19711 inclus Ive .

FIGURE 7 DIffere nce in nunber of periods of Scintillation records
of ATS—3 ar id Intelsat-2F2 or Inte].sat—2F3 as a function of
elevation of Inte lsat .
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ThE PHME SWL~~FtING SYSTF~ US~~ FOR SA’IELLI’1~SIGNAL ~~~~~~~~~~~~~~~~~~~~

1. I1~fl’~~DUCTION

When faced with the problem of amplifying and measuring snail
d .c .  or slowly charic”,ing a.c. signals , It is frequently advantageous
to use a chopper to convert the si~ -iaJ. to a. c., then to amplify this
in a riornal a.c. am plifier. A detector at the output can convert the
result back to d.c • or slowly varying a. c. In this way the usually
troublesome problems of d .c. ~rip 1ifier drift are effectively circum-
vented .

In the slim iest case , where a d.c. s1r~ial is tun~ed into a.c .
by a regular InterruptIon of the connection to the amplifier Input,
the rectifier at the output of the a.c. arnpl~fier will produce the
same polarity, regardless of whether the input was derived from a
positive or a ne~~tive d .c. source. This may be acceptabl e in some
applications . In others , the signal polarity must be preserved at
the amplifier output . This can easily be achieved by using a second
output chopper , synchronized with the input chopper . A suitable filter
to ren~ve the choppin g frequen cy will produce a d .c .  or slowly varyin g
a • c. sic’~al , the polarity of which is dependent on the instantaneous
polarity of the input signal . Such a detector , with an output chopper ,
is usually referred to as a “synchronous detector ” or ‘ phase sensitive
detector” . A widely used variation of this principle Is found in the
phase sensitive detectors used ±ri ~nter t’erometers in radio astronon~r .
Here the outputs from two separate aerials are coithined alternately in
phase and in antiphase at a convenient chopping frequency and amplified
by a conventional receiver at any suitable intermediate frequency. The
output from convent ional detecto r and its following audio amplifier is
then fed Into a phase sensItive detector . Noise generated in either
aerial alone, or in the receiver s Itself effectively cancels, arid even
a very ~nall sip~ia1 can be recovered in the presence of noise many times
larFer than the signal itself.

- • .-  -~~~~~~~~ 
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The effectiveness of the phase sensitive detector in recover—

Ing a si~ ial seemingly buried in noise lIes In the fact that the
effective bandwidth of the system can be made exceedingly narrow.
If the phase sensitive detector is followed by a simple low pass
1~ filter , the effective bandwidth of the syst~ n is 2tr radians sec~~,
where T = RC , the time constant of’ the filter . Hence , the bandwidth
is 2/(2i!RC ) = l/ ( ,rRC ) Hertz. A suitable choice of RC can make the
effective bandwidth a small fraction of one Hertz — a bandwidth
unattainable by any convent ional filter circuit .

The interfer csneter described above can easily be athp~ed for

use in measuring the total power received on a single aerial . The
signal is split Into two equal arid ‘In phase ’ components by a hybrId
junction . These two sIgnals are fed into the two Input s nor mally
fed by the aerials of the interferometer . They are alternately
coirbiried in phase ar id in antip hase by the phas e switch. The output
of 8uch a signal is directl y proportional to the total power inter-
cepted by the aerial times the cosine of the phase aru~2e between them.
Receiver noise cancels , but noise generated In the aerial contr ibutes • H
to the m agnitude of’ the output .

2. THE 0SCfl~LA’IDR

Figure 2.1(a ) shows the oscillator used in the system. It is a
convent ional Wien bridge used in conj unction with a 7~4l operational
amplifier . The circui t uses an n—channe l junction ~~te field effect
transistor as a variable resistor in the bridge circuit to stablize
the oscillator amplitude . The frequ ency used in Leppn is 800 Hert z ,
since this Is the cent re frequency of an audio filter built into the
audio circuit of the Collins R 390 receiver norn~ lly used with the
system. It is desira ble, but not necessary to use this audio filter
when operat ing the system . It filters out frequency components far
removed from the chopping frequen cy , ar id helps prevent overloadin g
of the phase sensitive detector . From this oscillator we derive
both the a.c. signal needed to drive the diode switchin g unit ( the
chopper ) and the referenc e si~~al needed for the phase sensitive
detec tor . ProvisIon must be made to shift the phase of the latter , 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ :~~ “: ~~ - 
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since it will have to be adjusted to conioensate for any phase shift
the signal may suffer In the receiver or In the detector.

3. ThE DIOtE SWI’IVHING UNIT

The diode switching unit , shown in Figure 2.1(b) , consists of’
a 7~41 operationa l amplifier connected as a discrim inator . Fed by the
800 Hert z sinusoidal voltag e, it produces a square wave output . This
output drives two G~ C66 germanium diodes , connected in such a way
that one conducts durin g the positive Sxcur sion of’ the square wave ,
the other during the ner~itive excursion. These dIodes terminate two
quarter wavelength coaxial stubs that cor,tro l the chopping of the signal ,
as describ ed in the next par a~~aph .

~4 . THE PHASE SWI’ICH

1\~o versions of phase switches , eithe r of which can be driven
by the diode switching unit , are shown In Figure 2.2 . The upper figure
(A) Is that of the conventional phas e switch used In radio astronomy.
All the lines shown are coaxial cable , and the circles represen t coaxial
junction boxes . When one of the diodes is corid uctinp~, the quarter wave
stub to which it Is at tached is short circuited . This appears as sri
open circuit at the junction a quarter wavelength away , arid hence a
signal can pass from aeria l 1 to the receiver throu~~ the junction in
question . Mean while, the other diode is reverse biased , the correspond-
ing s-tub is open circuited . This appears as a short circuit at the
jun ction box , effectively prev entin g any signal fran passing via the
latter junc tion box to the receiver . When the diodes reverse , the
signal takes the alter nate path . Since one path is one wavelength
long , the other one half’ wavelength , the signal arriving at the receiver
ju nction Is alter nately in phase and in antiphase with that received
from aeri al 2 via a half wavelength path . The shorted quarter wave
stub at the receiver junction Is to provide a return d .c. path for the
current driving the diodes .

A sinpler version of a switch is shown In Figure 2.2(8). Opera-
tI on is similar In princ iple , but here the receiver is alternately
connected to the aerial and to a matched load . This version f’urictioris ,

~~~lIii r- I - - - 
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therefore , as a true chopper , and not as a phase switch.

5. ‘flIE PHASE SHIFTING AND SC~UAR!]NG CIRCUIT

Figure 2.3 shows the circuit designed to provide a reference
square wave for the phase sensitive detector . The first part of the
circuit Is a 7111 operational amplifier designed to provide unity gelr
and an adjustable phase shift through 180° relative to the osciflat<-” -

This feeds a second 7~4l connected as conventional discriminator. The
non-inverting input of the 7111 gnes to a variable d.c. voltage, adj’~F~ -
nient of which provides control of the mark —space ratio a~ the output
of the discr iminator . This circuit , together with ~~~~~~~ for the phaF’
sensitive detector , Is taken from Clayton (1975).

6. THE PHASE SENSITIVE DE~rEC’1DR

The circuit shown In Figure 2.4(a ) is the relatIvely simple pha~~
sensitive detector used In the nore recent Leppn equipnent . This ci cu-~-~is taken fran Clayton (1975) , and since it Is ftl ly described there, ~~
shall say little about it . The values of R and C at the output can be
chosen to meet the requirements of the particular application . The
values shown In the drawing (look ohns and 69 microfarads ) yield an
outp ut time constant of 6 .9 seconds . The value actual ly used for our
£‘tARISAT 1 exper iments was lOOk ar id 2 .2 microfarads, yielding a time
constant of 0.22 seconds , ar id a bandwidth of 1. 14 Hertz .

The operation of phase sensitive detectors is easiest to express
qua ntitative ly if we look at them from the point of view of voltage
multiplie rs , which they are . Two volta ges, V~ ~~~ Vr are multIplied In
the circuit , and the outp ut voltage V0 is thei r product . Four separate
cases present themselves.
(a) If Identical input siprials are presented at the two inputs,

we have V0 = V1
2 cos2wt = V1

2 (1 + cos ( 2wt)) /2
Hence , here the circuit gives a d. c .  componen t
(rectification) arid a component at twice the Input
frequency (frequency doubling) .

--A
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(b) If V5 and Vr havc the sai’~ f requency , but dif ferent phases,
we get : V0 = VsVr coS(wt )cos(&~t +

= ( V V / 2 ) x (cos(2~t + •) + co s(4 ) ) )

Her e we have a case of frequency doubli ng, with a d .c.
component proportional to the cosine of the phase difference.
This Is a phas e sensitive detector . The refere nce is normally
adjusted to 4) = 0 , so that the d .c.  component is a maximum.
The a .c. component is filtered out .

(a ) If two different input s are used — differ ing, that is , In
amplitude arid frequency ~ one gets the following :

V = V V cOs (w t) cos(w t )o s r  1 2

= (V V/2) x (cos(~ 1 + t~ 2
)t + cos(w1 — w2 )t )

I . e . ,  we get an output containing sum and difference
frequencies .

(d ) If one frequency is zero — i .e . ,  a d .c .  signal is applied ,
the output voltage is given by

V0 = V V  eos(wt )

i.e, ,  the multiplier acts as a volta ge controlled attenuator .

If , as is usually the case, we use a large square wave as
referenc e , -~~ mathematical analysis requires that we express this as
a Fourier series , ar id consider the Fourier components separa tely .
This Is done by Clayton (1975) ,

Results show that there should be d. c.  components from the var ious
harmonics, but they are much smaller than that from the f~ridamental
frequency . The assumption here is that the bandwidth in the radio and
audio frequenc y sections of the receiver is wide enoupti to pass the
lm’rnjnlcs of the chopp ing frequ ency, as well as the ft~ridamenta l . It
is also assumed that the phase shift is constant for the harmonics . In
pract ice , these assump tions do not seem to be real ized, arid experiment s
at Legon have shown that there is little or nothinc’ to be ~~ined by
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using a wide audio bandwidth arid try ing to get the additional d .c.
contributions of the harpx nics. Hence, it is recorrierided that the
audio filter in the R 390 be used , effectively limiting the result
to the fundamental of the chopping frequency .

7. ThE D .C. AMPLI FIER

The circuit in FIgure 2. 14 ( b )  is an optional additinn to the
circuit that may be found useful in driving a pen recorder if the
output of the phase sensitive detector itself is too ~~iaU for this
purpose. In addition , it provides an adjustable 50 He~ z component

superimposed on the d.c. output . This can be used ~s an anti—stick
device , to decrease the resp onse time of pen record ers where friction
between pen and paper would otherwise cause an extremely slow resp onse
to small deflections .

CLAY’ION, G. E ., 1975 Experiments With Operational Amplifiers ;
1~hcMil1an Press Ltd., London.

:1 :~~~~~~~~~~~ — z  ~~kL ~~~izT~ ____________________



-
: 

— 33 —

TITLES OF FIGURES FOR CHAP1~~ 2

FIGURE 2.1 (a) The Wleh &idge oscillator .

FIGURE 2.1 (b) The diode switching unit .

FIGURE 2.2 A true phase switch (A) ar id a chopper (B) .

FIGURE 2.3 R iase shifting and squaring circuit to provide

a reference square wave .

FIGURE 2.~4 (a) The phase sensitIve detector .

FIGURE 2. 14 (b) An optIonal d .c. amplifier with provision for

anti—stick.
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CHAWt~~~3 *

‘T}TE LTir1ON POLAT~I~F~Ei

1. L’flRODUCTION

The polarimeter used at Legon for the detenith~at ion of
the Faraday rotation imposed by the ionosphere on plane polarized
waves emitted by synchronous satellites has been described before,
but we ~.ve a brief descriptio n of it here~ arid ~o on to describe
for the first time an analo~ue output device which has been used
for the past three or four years . The nolaririeter , as o~1r1r.afly
designed, produces only a digital output . Need was !j ~~~~~ for art
-analogue output ~s well , to enable one to cont inuously monitor the
output as well as to provide much higher time resolution for those
relative raj ’e occasions when a solar flare or some other ionospheri c
dlsti’—bance render this desirable.

2. ThE ORIGINAL POLARINfl

The origin-il polarlmetcr used at Leron iinde use of a phase switch—
irig inter ferometer • similar to that descrIbed in Chapter 2 above. It
will he recalled that the instrument has two inputs . ~Ip~als derIved
from two oppositely wound helIcal aerials of indentical r’~dn are fed
into the input~ These are periodically (at a frequency of 800 Hertz)
connected In phase and in antiphaso. When sir~ials of the same
frequency, but differing phase, are fed Into such an instrument ,
the output is proportional to V1V2 cos 0, where V1 and V2 are the
two input volto~es, and 0 Is the phase angle between them. In such
an Instru~ nt, noise generated in the receiver , as well as noise picked
up by only one of the two aerials is effectively cancelled in the
phase sensitive detector . An extr emely narrow effective bandwidth can
be -achieved by using a 1ar~’e time constant in the output of the phase
sensitive detector.

It might be mentionad here that it is sometimes desirable to
derive right arid left hand circularly polarized sirnal s from the same
aeri’~ul~ by using crossed Yagis in cor~j unction with a magic tee. This
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Is often an advanta ge when the satellite is not stationary , and
when its motion would produce an additional phase change In aerials
physically separated from one another.

One could derive the phase angle directly fran the arnplit~ie
of the output voltage . But V1 and V2 are often slowly varying with
time, and it is troublesome to continuously monitor their separate
amplitudes. Consequently, the polarimeter was designed to make use
of a slow ring counter (1 second per step ) to drive 6 transistor drivers .
(See FIgure 3.1). Each of’ these drivers control three reed switches,
connected in parallel . ‘I~’~o of these reed switches connect an extra
length of coaxial cable Into the aerial leati from one of’ the helices.
The third switch in each set connects the output of the phase sensi-
tive detector to one of sIx series RC pairs. The values of R and C in
these 6 serIe s pairs are ident~”al , and are chesen so that the time
constant Is long enou h to ~Tooth fluctuation s occuring during t~~~s
of severe scinti llation . Time constant s of the order of 1 to 10 seconds
are used . The relatively slow switching speed of 1 per second is used
to prolong the service life of the reed switches.

At any given Instant , each of the 6 capacitors in the output ~~
pairs is at a volta ge V1V2 cos (0 + x) , where is the electrical
length of’ the extra cable switched into the aerial lead. Since these
were selected to be 60°, 120°, 180°, 2140°, 300° and 360° in electrical
length, the six voltag es present at the outp ut lie along a cosine curve ,
at 6 equal ly spaced points. F~~m these volta~es, sampled every 10
minutes and printed out by a data logger, it Is possible to determine
O unIquely . The determinatIon is actually done by a least squares
curve fitting pro~~’am on a digital computer .

3. ThE ANALO(VE OUTPUT
In addition to the digital output , an analogue output , presented

on a strip chart recorder , was highly desirable. A separate circuit
• was designed to provide this . It is made up of the following elements :

(a) A fast ring counter , driven by a 6 KHz square wave
oscillator . This counter is a standard one , and its
circuit Is shown in Figure 3.2.
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(b) Six control voltages, one derived from each stage of’ the
ring, control two sets of 6 inter~ ated circuit analog
switches . These ar e normally off , but turned on In
sequence by the control voltages .

(c) The input to each switch of’ one set of six is connected
to one of’ the 6 capacitors in the output of the phase
sensitive detector described earli er . (See Figure 3 . 3 ) .

(d) The six switch outputs are connected together , giving a
set of six “steps ” approximat ing the cosine function
described In the previous parap~’aph .

(ei This step function Is smoothed by means of a par~ ~Lel tuned
LC circuit resonant at 1 KHz .

(f) The second set of six analog switches have three input s
• connected to a d.c. source three connected to earth . The

outputs are paralleled, and produc e a referenc e square wave .
The power supp ly for the circuit at Fig .3.3 is given in
Figure 3.14 .

(g) The 3. KHz cosine wave arid the referenc e square wave are fed
into a convent ional phase meter , and the output of the phase

• meter Is recorded on a strip chart recorder . The dia~ ’am
for the locally construc ted phase meter appear s in FIgure 3.5(a )
arid (b ) .  Its power supply is given in Fi~~re 3 .6.

~
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TITLES OF FIGURES FT)R CHfiYtEi~ 3

FIGURE 3.1. Slow ring counter to drive 6 sets of’ 3-reed switches.
Tho of each set of switches insert an additional
length of coaxial cable into one aerial lead . The
third controls the output from the phase sensitive
detector .

FIGURE 3.2. F~st ring counter for analogue output deviCe.

FIGURE 3.3 . Circuit to generate sri analop~ie output . It generates
a 1 KHz sine wave from the 6 outputs of’ the phase

sensitive detector . It also produces a reference
squire wave •

FIGURE 3. 14 . Power supply for the circuit in Figure 3.3.

FIGURE 3.5(a) and (b) The phase meter used in the analogue output
circuit.

FIGURE 3.6 ~kiwer supply for the phase meter .
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