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1. Introduction

This project is concerned with the study of scintilla-

tions of transionospheric radio signals at a number of radio

frequenc ies , up to GHz frequencies. A suitable geostationary

satellite that can provide the desired transmissions is ATS—6.

This satelli te has a Radio Beacon Exper iment on board , which

together with the Satellite Instructional Television Experi-

ment and Millimeter Wave Propagation Experiment can provide

transmissions in a number of bands , from VHF through UHF to

L- and C-bands. At the time of proposal writing NASA intended

to reposition ATS—6 in June 1976 at l05°W longitude and con-

sequently Natal , Brazil (35.23°W , 5.85°S) was proposed as a

site for making these observations. Later , NASA decided to

move ATS-6’s parking orbit further west to 140°W longitude

which would be below the horizon when viewed from Natal.

Obviously because of this change the experiment in the orig-

inally proposed mode could not be carried out. After close

consultation with Dr. Haim Soicher of U.S. Army Communications

Research and Development Command and weighing various tech-

nical and logistic fac tors , it was finally decided to stay

at Natal but to select a different satellite. The satellite

selected was Marisat 1. (15.4°W) which transmits circularly

polarized signals at 257.55 , 1541.5, 3945.5 MHz and a number

of other frequencies. Since these frequencies are different

from those transmitted by ATS-6 , all the rece ivers had to be

re-designed .

~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
:~~~~~

--
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In the following we report the equipment developed for

the project in section 2, the field station operation in

section 3, the major scientific findings in section 4, and

other housekeeping information in succeeding sections. The

detailed technical findings and experimental results have

been reported in several papers and these are attached in

the Appendix.
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2. Equipment Development

Several pieces of equipment have been developed specific-

ally for the project. They include the digital data logging

system, UHF, L-band and C-band receivers, and the digital

data processing system. They are discussed in the following .

2.1 Digital Data Logging System

It has been recognized that in scintillation studies

it is desirable to obtain data both in analog form on chart

records and in digital form on magnetic tapes. The reason

is that the chart records can provide a visual presentation

of data which will facilitate morphological studies and help

to locate a specific and particularly interesting piece of

data for detailed analysis. On the other hand , analys is of

scintillation data invariably involve statistical cor~putations

such as correlations and spectra which are most convenient

to be carried out if the data are given in digital form .

Therefore , it was decided to run the chart recorder on a

fa irly continuous bas is for studies of long term behav ior

and to run the digital system on a chosen schedule for de-

tailed statistical analysis.

A digital data logging system was designed and built

in the Laboratory . The system is capable of recording up

to 8 channels of input data at a selectable sampling rate

of 1, 20, 50 or 100 Hz. This system has been described in

detail in a technical report “A multi-channel digital data

logging system for ionospheric scintillation studies” by

-. 
- 
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K. S. Yang and A.  L. Hearn published in 1977 and will not be

repeated here ; interested readers should consult that report

for details.

2.2 Receivers

In a previous grant from NASA we have in the Laboratory

many Magnavox model “B” receivers which are no longer in use.

With change of a crystal and adjustment of tank circuits

these receivers can be tuned to an input frequency of 20

to 50 MHz with a bandwidth of 2.5 KHz. The sensitivity of

the receiver is -135 dBm and the overall gain is 130 dB.

Therefore , in all our receiver designs we have used the

model “B” as the backertd . The three receivers designed and

constructed are the UHF receiver at 257.55 MHz , the L-band

receiver at 1541.5 MHZ and the C-band receiver at 3945.5 MHz.

FDr UHF frequency, a helix antenna to receive the right

circular polarization is used . The antenna gain is approxi-

mately 10 dB. After pre-amplification , the signal is down—

converted to a lower frequency that can be accepted by model

“B” . Th~ expected over all signal-to—noise ratio is about

20 dB which seems to be in agreement with the operational

value .

The receivers for the L-band and C-band are naturally

more complicated . At L—band , the incoming signal is mixed

with a crystal controlled local oscillator at 1430 MHz and

then mixed again with 102.14286 MHz to produce a frequency

of 9.35714 MHz as an input to the model “B” . At C-band , we



- 
.are concerned w i t h  the problem of r requency s t a b i l i t y  For

this purpose all frequencies are derived from the oven con-

trolled 10 Mhz re ference osci l la tor  (HP Model 10544 A ) and 
- 

-

the receiver is considerably more complicated . The detailed

descriptions of these receivers can be found in Appendix G

and w i l l  not be repeated here.

2.3 Data Retrieval and Processing System

The received data are recorded on chart  recorder in

analog form and on 7 inch audio magnetic tape in d ig i t a l

form . The analog data are genera l ly scaled by hand for

scintillation index, the rate of scintillation and the drift

speed. The digital data must be retrieved through an inter-

face c i r cu i t s  to a computer for la ter  processing. Cent ra l

to our data retrieval and processing system is the HP 9825A

calculator . An interface network has been built , whicn can 
—

retrieve the scintillation data and store the data in the

internal memory of the calculator or on the tape cartridge .

Computer softwares have been written to error detect and

correct for any data dropouts and to carry out statistical

computations such as autocorrelation function , cross correla-

tion function , power spectrum and S4 scintillation index. A

detailed write-up of the system as well as some sample com-

putations can be found in Appendix H.

L _  
—~~~~~
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3. Station Operation

Initially, the equipment in three boxes was flown from

Washington , D.C. to Natal , Brazil by the Brazilian Air Force

in mid—1977. Immediately after the arriv~il of the equipment ,

Dr. Allen Hearn flew to Natal to set up the experiment in

July 1977. It was then decided to set up our station in a

second floor room of the Departamento de Fisica Teorica e

Exper imenta l , Cent ro  de C ien c ia s  Exatas , U n i v e r s i d a d e  Federal

do Rio Grande do Norte , N a t a l , B r a z i l .  Both the UHF he l ix

a n t e nn a  and the 6 — f t .  parabol ic  reflector were installed

outside of the building . Approximatel y 278 meters  to the

East (actually in a direction of 78° east of geographic

north or 99.5° east of geomagnetic north) the U.S. Air

Force has equipment to record satellite signals using a

30-ft. reflector . A cable was installed that transmitted

the 257 .55 MHz scintillation signals received by the Air

Force equipment to be recorded on the same recorder as our

signal for later comparisons. Such comparisons through cross-

correlation analysis can yield information such as drif t

velocity .

The station was visited again in March 1978 and October

1978, each time for one to two weeks, to bring in new supplies

and new equipment and to discuss experiment with the local

personnel. Currently the station is recording scintillation

signals at 257.55 MHz at two stations and the L-band signal

at 1541.5 MHz. Additionally, since October a U.S. Army polar-

imeter has been installed. The device has been providing the

.; 

~~~~~
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p o l a r i zat i o n  ro ta t ion  measurements.  Once al l  these data

are collected and accumulated to a certain degree , Prof.

Bonnelli of UFRN sends them to I ll i no i s  by a ir  m a i l .  The

received data .tre being scaled and processed . Some of these

resu l t s  have been incorporated in to  several  papers . These

are r ep r in ted  in the Appendix .
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4. Scient ‘. r ic

In this section we summdrl:e the ~‘r i ~~c~~’Le sc i~~~~~ :~~~

results of this pro’ect. The Je:atJ s ca:~ b~ ~cur.d ~n the

.;p rid~~ t’s.

4.1 ~~uat~~r ~a I ,onos~’her i’  bubbIe~ and th eir re 1a~ ions
to  sclr,tillatLon s

• Recent ~v , here are  i:~cr e a s  :~~ ~~~her ot ex~e~ t~~ c:~~t a 1

~~~ lL~:~~.~~~s i nd i ~ at  ~ n~i t h a t  t r ’.ospher c porturbat :ons ~~~~or bed

\ a t ’..~~u s 1 ’~ as ~~ :‘. i : a t i c : ~ e l e t i c ’n s , ~~les, ‘1nr~ ’s , ~: ‘tc.

occur ~n ~e ev er.in •, hours at he ~~~~~ n e t  ~~
- e~juatcr . There

are a I so n d ic a t  tons t h a t  t he cocurrence o~ t hese b u b b  I es

are correlated ;.i th the onset c~ soint I l at  i o n s .  L~r ~~al

studies show that the under—s ide c’~ the io s~ h~~:e s sub—

‘ected to Ra~~Ie~ -~h—Tavlor t’~re o: instah~~i x ~~ies whi~’h w :l

ca-use a re~ ron . of der’leted t o n i  .~at  ion  to r se as ~~b h s

Sharr’ ~~ adient s r-.av ex .st In .  td’.e bubh~~ es ~or~ Ino what a:-~

descr ibed  as the  icni:ation wall s, When such re~~ion.s aro

t rave r sed  by -~ ~‘rcbin ~ rad~ o wave , the associated ~‘a ra d a \ ’

effect is e x n e c t o d  to show c t !~~n.s o~ electr on. content

At t he  same t i e,  the  ~~~ l~~tude of the ~a’:e W ill fluctuate

:f  there are related scmn. t~ 1Iations. E~v ~on~ tor’ri~ si-anals

tran s .i red ~~ the ceostationarv sate11~~te ‘~RtSAT I and

SMS 1 at the station in Natal, Z’razil, we have observed

the occurrenceof these bubbles ar.d studied their stat~ stt:al

characteristics and relatior .s to scintillations. It is ~oun.d

that the most probabl y content dep1et~ons for the ~ropa at~ o:’

- ~•~
__

~~ ~~~~~~~~~~~ 
~
-‘-
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path under study have values in the range 1 to 4x l0 16 elec-

trons per meter2 , but dep letions as large as l.2x1017 elec-

trons per meter 2 have also been observed . The average

durations for each observed bubble may vary from less than

2 minutes to over 30 minutes with an average of 8 minutes.

There is a high correlation between the occurrence of

bubbles and high UHF scintillation activities, especially

in the early evening part of the activities. The data

further show thal the scintillation rate may increase

suddenly when the bubbles either form along or drift across

the propagation path. The observed phenomena suggest strongly

the existence of these bubbles and their close relations to

scintillations . Simultaneous UHF and L-barid recordings are

used in our efforts to interprete the experimental data.

The results have been written up as two papers (Appendices

C and F).

4.2 Drift speeds of equatorial irregularities

As stated in section 3, spaced receiver scintillation

observations were performed at the Natal station. The signal

from MARISAT 1 at 257.55 MHz were recorded at two receivers

spaced on a 278 meter baseline. During the period 27 February

to 13 March 1978, night time scintillations were observed on

10 of the iS nights with signal fluctuations commonly ex-

ceeding 20 dB peak to peak. The spaced receiver data yield

eastward irregularity velocities of approximately 30- 150 m/s

during the night  time hours. The fading rates observed ranged

- - ~~~~~~~~~~~~~~~~~~~~ - - ~~~~~~~~~~~~~~~~~~~~~ 
—

~
--- ---———P 
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from 1 per second to 6 per minute. The results have been

writ ten as a paper (Appendix E). More data are available

for investigations of the statistics of the d r i f t  speeds .

4 . 3  Theoretical study of the effects due to random scattering
in the ionosphere on radio communication and ranging systems

Using the newly developed “temporal moments” method , the

combined dispersive and scattering e f f ec t s  on radio pulses in

the ionosphere are investigated . En par t icular, the mean

arrival  time and the root mean square pulse width are derived

for var ious ionospheric conditions. It is found that under

strong scintil lation conditions , the scattering e f f ec ts  may

be very important in broadening the pulses. The results are

included in Appendices A , B and D.

• --
~~~~ , - - 
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Vl.3l DZ .AY AND pu~.sr o i sy ~~s r :c ~i, NY M.AN~OM
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N. . felt end C. It. LLu
~epartae,%( of ectrtcai tiagtn..rtnq

JntY.r.ity of Illi no is at bane- a~~ eLqn
Urb~ns. Illino is .1101

SUINASY

The dispersiv, e ffe c t,  of t tt. iOno.ph.t. on propagat ing .L.ct ronaqn.tlo pul ses
at. welt m own . I.cau .e of the frequen cy depend ence of the refric t ive index , the speed
of the propagat ion is given by the grou p ~eLo c t t y w h ich ~i slower than the free—spa: .
velocity of Ligh t .  The dispers ion a1.o af f e c t s  he ,uLs. ship. by smearing And ‘.angtfa en-
i.iaq it. resulting ut aerel 4egradae .~n of the co untcatio n .iqnal . tow ever toe
io nosp here las of ten b..n found to be permeated w ith rsndo. irre gu lar iti es of •t .c t ton
dens ity . Through sc atte r i ng ftc. these irreqa&Lari tl.s addit ional distortion o~ the
s ignal may case about. The put-poe, of this pep.r ~. to vestigate the effec ts of th.
rando. scat tering on the puts. daliy and the puts. w idth . This prOblem is methela t i-
cell y formu2sted and so lved . A LL mult iple scatter ing effects are tiaen i t o  acco unt
exce pt the bacltacatterth q. The solution . are given in ~er~ s of many param.tegs winch
~ar be class ified Into three tinds i iignal pa ramet ers , Lonoup hertO para me ter, and
irre gular ity parameters. ~t is found that under cert a in con4iti~ np ef~ .cts :aus.d by
rando. scattering can be ~~re important  than those ca used by disp.~ s ion . .~ar icua ,uirar.
ical examples wiLt b. jiven to s hOw the importan ce cf th, effects. The p cat.cn on
prec ise ranging .y.teaw arid cos.unicatic n systems wiLt i~ discussed.

Add it iona l f actors must be considered when the signal ~s west and must there-
fore compete aqsinst the noise. The effect of noise on he dete rm inat ion ‘f to. arr Iva l
t ime is to ihtroduc. an error -which depends on the siqnai-to—ncta . rati. , . :ta .fyect
on the put. . width depends on a number o f parameters . Th. nature ,f ~n,a depe ndenc ewilt be 4iscueeed.

t. XNI~~ VV CT!cN

The d isp ersi ve ef fec t ,  of the ionosp her ic pla s ma on ~ropa qatiora of et ect iosa l-
oct10 pulse s is well iriowTt . For a narrow band pu.se he transit tine tetw.er . t -,- tixedpoints is determined by the group velocity w hich is s low e r than the f ree-s pac e spee d o f
Lig ht . That La . f at a f l ied dtst an~, the outs . .~~r. tate ton per n ix. to  .rr ~ ve at ta
receive r then that in free—spa ce. The sates ., (flown £ 5  the ex cess ti me d el ay is ,‘ro -
portional to the int.qrat.d elect ron density in,ng th path or .~.cnron Conte nt ~n Y e
high freq uency appro x imat ion, The effect o f f in i te  bandwidth be. s~ n.o Seen -~- a~~i ..ut .-it contr ibutes to puts. distortion and tsnqtheninq.

In add itio n to diapersio ~~, the lo noepher ic plas ma is ~ften f~~s ir.d in t ie  ~.irbu-
Lent stat.. The elec trons for. density irregularit ies. These i r r s c u . a r l t i . s  Can
scatter .lect ro.eqnettc ener gy and resu lt in further deqrs4aeioia o f  r i-il., s ign s. . or ~ y-
sqatinq through the ionosphere. The put-poe. of this paper is to .rives t. .,ate he 0-ta -
bitt ed effe ct e on etectrcmeqnet~ c pul ses caused by diacersion a-id s.,stt.rio,q we i. t .t
review the propagat ion geasetry and the range of parameters - -o Lc e d in
Next we intr oduce in sect ion 3 the temporal -tasents and sho w tow th ey its te ~~ate.i
the mean arrival tim. and the mean put ~ e width. tIso show n n se c t . o ’n are sxpr. saionsand numerical, va lues and out-v.a for he mean at-rive t time and he mean outs , w i d t h .
These express ion. are derived for t oe &.ieat. ,ois. ..s meuoi oat ion o ’ a t - . s t .  th ere
is prese nt note. Uncorr,lit,d w i t h  ii. siinal ~~~~~~ pian titi.e s a~st be . o l t . e d. This
~a discussed in section 4. The paper i .s :onc l ,ided i~a se~ t i . . ,n S.

PNOPAGXft CN Ch~ FItY AND

The propa gation q.c.etry ii show n i. rig . . A plan. v.a-s signal is supposed
to be impres sed on top of a slab conta ining electron densi ty irr eqularit ~ es .  wCat ts r i - i ~taM, place insid , the claD so that randas pertuzbati,ns are inparted -n he .sys .teri
it leaves the base of the sla b . These rando. pert urbat io ns are i’ irYie r ra -ad,tei, .d in
the tcscqeneou. regio n below the slab through .iiffractdonat ef f ec te  befo re it ~s t i n~~Y ,-received .

In a proble, such as this there are many pe r imeters invo lved. ~o t oe i t ow iog
ii a list of ti ne parameters and their appr ox ima te rang. of  os lie. perti.n.rt to ta
ionosphere.

carrier frequency ‘f the signal tOO SC ) lUt z
signal bandwidth Pt- .~ teas ~i.1an tO MIII
piass a frequency f~ - lb ills

-.-.

~ 

~ -- - - - ~~~-   ~~~~~~ S
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propagation dista nce s i  ..t i  - 1000 he
tee .iectrcs density ftuctuatione •

~~
. - , .s  —

slab thic*neee Ii tO - 300 he
~~~et em spectrsl epponant Sr approaimst,Ly 2
inner scale r~ r tO~outer scsI. I,i lQ~ - 10 a

n the above list the f irst two parameters are signet parameters . the next two
are issoepheric parameter. and the Last five ate alt irregularity parameters . The
carrier frequency of the signet can of course -lary ove r a wide range. Por frequencies
near the lower ead of ~~~ band the ray bending . wiuch ia ignored in this paper • say be
very i~~ ot-tant. There fore, the lower bound of carr ier frequency is taken a. 100 Mlii.
ellen the freqwency is raised to the SIP band , the ionospher ic •f fect. are expected to
bec~~~ very .inl.aal and henc , en upper bound of 5 ONz Is chosen. The second parameter
Ian the above liet is the signa l bandwidth which is defined by the equation

• t2 , l~ P1 2mw ) ’ -. ‘ dv ( I )
..

where P is tIle spectrum of the tran itted signal a. a tunction of the moduLation ft.-
qaaency i Pot a Oaueeiaal signal spectria ~f the for. a

P12mw) • t2zm ’ l~~~ I expl—15 1 v ’ 3 ’~

tine bandwidth It) can be computed to be

• 3)

The valu , of the bandwidth can vary f t-os 3 whiOll correspond s to a put-. carrier t o
about 13 ~~s. For moet computations a va lue of I ~~ a is used . Tha third param eter ~~
a an ionospheric paraceter . In the actual ionosphere the pkssaa frequency v e r i . .s  w 1 0
heigbt Pot theoretical convenience th, model ionosphere is assumed to have a Constant
ptassa f requency . This is partially ~ustif ted becaus, very often irregulari ties are
observed to be confined to a slab and becsu*e even vhett irregularit ies are distribut ed
those near the ioni zat ion peak are most e f fec t i ve  in producin g ac Lriti ~~Latio n . The
pla~~~ frequency at the peek tan very ft-a, to 13 ~~r. a val ue ~ t 10 415 is aped in
computat ion.. The perimeter , propagation distance , La the di.tan~e fros tba top cf the
irregular ity stab to tine receiv er as shown in Pig. t. It tee the ai n ieua va lue of tOO
he if irreg ular it ies are in the I region . tr r .gulartt ies in the sagnetcaphera have been Hobserved but they are not expected to affect transtonoepheric propaqst ’ -n sit-nets ha-
cause of their tow density . Therefore , an approximate max imum value or 1300 he for the
propagation distance is choeen. The rma electron deneley fLuctuation. hal always been
thought tO be s mall ,  no more than ii from the bankqround unti l the in s itu measurements
temenstrated that a eurpr is i~~~ly large percentage of 10 or eve n SO is pos.ibke at the
equator. This accounts for the tither largi upper bound valu , of 3 .5 fot O,

~ 
i.ri the ~.st

Pes.d on r.dar late , the stab in which irregularit ies are confined can be as thin 55
LaO he and as thick as several hundred tltomtstere . 10th scintiLlation measurements and
in situ eeaaur nts indicate the one—dimenaio nai powe r spectr.aa of density f t u ~ t uat i,ns
has the fore where x

~ 
15 the spatial way, number. The expon~~ t a Li the pcwer.tsw

spectrum is approximately 1. A power-law spectrum if the for. x ,, las several math.-
matical difficulties. For em~~~Le , some sppctral moments will fai l to exist. these
.itffic ralti.e oat. be r~~~ died by introducing the inner scale and the outer scat.. The
ex act Value, of tin. inner scal, and the outer scsi. at. very uncertain it p rssen t .  Nesed
on please physic, we would expect the inner scale to be bounded below by to . harp.
length below which the plasma is sxpected t., to., all ~t, cot tet tlve b’ehevtor . hers-
fore , the abaolaate t~~~ r bound is the Debye length whith in the ionosphere is spr ro *i ’
seteky 10—i c. lased on the radar bec kacatter date the irrsqularito *s at I m Length
seen to belong to the same proc ... responsi bL , t o  ac in ti tt at icit -Morse et a t .  - -
however, the more powerful A ecibo radar dots. not see, to have reported to. spread-P
type irregulariri.. of size 3 .3 3 a. ~onsequent t p s sore reasonabi . ~‘al,-ae for to, inner
sc ale is probably so.emhe re between 0 ,  13 a and 3 a , s “ a Le  s t y oLcse to the .onit
qyTe—rsdl.u.. There is very .pars. thfoz’aetion about Ole outer scat . , a p roba ble tinge
is betvesn 10 he end 100 ta as indiceted i.n the list.

3. tOLlS DCIAT MU PVLSI wg~’ri

For p irpoeee of locat ing the position of a pulse and etsr5i nin q i ts  pu lse width,
it is convenient to sake us, of the moment concept. Lee sit s) repreeent the oc. plex
ampl itude of a sig nal and it is to gener.l a random function ~f tie. I and pos ition a
dependence on transverse coordinatee is suppressed ) - befine the n th .omeac of tOtS
signal by

ii • t nva t .s) a t..l’dt 4’

- , 
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where tine angular bra c kets are ,~aed to denote ensemble averaging. tor convenienc , of
ph ysica l inte rpretat ion to e Ooeplex aspilt-ide as sssumed to  be nocaa t . ze i  so t hat
M a O )  s t — i .  Then, the teen t ine required by a pulse to orcpegst . fros 5—3 tO a is re—
lated to t he fltst a~~~nt by

• M’~~
1 II — M a l l  

~- Ol IS)

The teen square pulse width centered around the sean arr iva l time a. related to i_he
first two moments by

T 1 Ii) — ~~~~ Ix) — t~~iz )  14)

higher order moments reyaal akewness and concentration of the puL se and wi lt  not be
dealt with in this paper.

Theoretica l derivation cf ex press ions f o r t m d  • in this Propagat ion pro b lem
can be dene Dy so lv i riq the t ransp o rt equation f o r 1a~ two-f requency one-position mutual
Oohetence function. TOils has beeIl dorie elsewhere Ye h and Lao .  19 7 ) .  their results
iltow that

e 5 • t 1 • t 1 * t 1

whet, t~ • s o  it - y I a . I  a

• ] f a ’ r 5 :f~~

• i~ f~ ’t)2S.L) t r i ) i~~. r ,’ 4 t ~ f ’c t t O )

The transit t ine a. we lt— known since it as ~‘ia .e tame required lot a signet to
prOpeqste a dis tast e * with ‘cOle group s’etocitp C ‘ the hiOb frequency appras-
m arion a... fn ’f ~ (~ as ~sua lty expanded and wt i€ :eri in the f~~ra

• t, • at 1 ~t :~

wh,r. t 5•1/ c ii the Ire, space time delay and it is the es cass tite O .tay  due to presence
of electrons. The excess tabe delay in th, high frequen cy approx imat io n as  pro po rti onal a
to the integrated electron density or el•ctron ccntent sOd na. been a ;uantaty -of
interest in Satelli te—based nav igationa l syaren e tI -th uenar, L9 ’6 l , The t ics. delay t~given by (9) is a correction tern . to t1 when the signal ha. a finite bandwidth ,~~-r arid
is usual ly s~atl for narrow band signals. Th. tame delay t ,  is Osu sed by rsandois
scattering . tn order to d onatrat. numerica lly the ord*r af magn itude of var ious
ef fects the following model parameters are adopted .

. ‘T . 1 i 4 15 f~~ _ L d M34z

S • 400 he • 0.1 
a

_I__ I
I, • 200 he a — i

• L3 2x L , •

For these parameters, the fo eS—spec. t ime .te iey 1, Ii 1,13416 as which as by far the
largest value , The excess time delays d~e to elect rons . tana te bandwidth knd rarrd cm
scattering are plotted as a f -unction 0f frequer.cy n Pig. - to a tog— log plot sa t
three curves are straight Lit.,, the dominant contribution ro tha excess deiay comes
f rom the icr, proportional to alectron content. Sut , for freq uencies Less titan :03
the scattering cain increase th e :~ s. delay by 1 t o  10 35.

Tu e mean square pulse width can also be derIved from the transport equation for
the statual coherence f-.aztction. The result is

. 13a a I I • $

where

•

.5 — 5 a..~ ’r . a a. 3 .
p - •

- - -
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Let the signal spectr’c.m be Oaus,ian and be given by (2). The mean square puls. width of
the ippressed signal at £.0 as titer.

y * (Ø) • ItS)

For a bandwidth of 1 ~~x , ,~ has the numerical value 6.33Z9_t0~
i5  ,‘ or ,• — ‘ .,~

,
~~iø— ’ s.

i t turns out that for the p&rameters given by (13) the dominating term. in (13) are
and •~~. ThAt is, of the six terms tat lii) , is moat important for frequencies Less
titan a certain value and t~ is most important for frequencies larger than the same
value, let tine frequency at which ~~ - b. f, then

• 4040.(l’— Ls.3x 1 (e ~~ ‘ 0L .:~
1 16)

when f~ f,, i-~ ‘ma. tin, largest va iu, for which the origina l pulse width is very much
lengthened , when f~~!,. n

~ 
ass the largest value, i .e. the origina l pulse width in sash—

stan tietiy unchanged . For the peraaet,rs adopted in Ui’. I is computed to be L. 4~ ~MS .
hence when f~~L . 46 O h ,  the original puts, waltOn of ‘.AS O$ tO $ e can be very much
Lengthened . On the other hand, when f’l.S$ O h ,  the original pulse width is changed
very little. t should be mentioned that ‘, is very sensiti ve to the choice ~f an
inner scale r,. The inner scale given an 12’ is rather mealt. th ere a, still gn.stio n
as to the validity of the forward scatter approxamatt9n in the parabolic equation method
when th, inner scale is so emaIl. If .  instead 0f IO~ ’m. we pick r, i a and leave other
parameters in (12) unchanged, the dependenc e of pulse width on frequency is very such
ohang.d C s,, th. second curve in Fig. 3) . !v,n for euoh a lerge inner scale , the pulse
width at 100 ems is lengthened by more than one order of magnitude.

4. £??tC’? Or WOOS!

O n the above disc ussion the comeunication Channel is assumed to be noise less.
In practice the comeu nicati an channel is not ideal And the signal must it. competing
aqeinet tine sot.,, Of the rando, signal and the uaiae are statistically andependent.
expressions for the mean arrival time and the mean equate pulse width in the noisy en-
vironmen t can b. derived and related 10 113. cor respondi ng quantities in the no is e less
environment. t.et time detection of the signet be gated for  a duratiOn centered at
some instant r , which is -serially close ~o tine actual arta s’at tame of the signal .
With in the ;eted interval, let tame signal energy be $ and noise en,rpy it. N . then the
mean atrival time in the noisy environment - ‘ c  ‘ ,

~ 
ie re lated to the mean arri va l tim. an

tine ideal channel by teh and Lita . l97~ ) 
-

• t a • a t , -t ,’ . 4 , 3  1’’

As can be seen an ‘. 1 the error an s e s t o i c a l  t ine is proporti ona l to  the product .,f
two terms . t s ta %nd N -S. t,nce the error in sittaized if the i nit a a t graces .5 ‘cry
close to the tzue arrival tame and, or the signal-to-toss. ratao 5 .4 as -‘cry Large . The
mean square puts. width an tile noisy environment ~ 1

.4 c art also be r.ieted t o  the -mean
squat. praise width an the mo isetees envtrornm.nr n~ by

• r 1 • ((t ,~ ta I ‘.1” t:— •’~ L’S -LI )

It is seen that the noise affect s the pulse idth in a more complicated .sv .

S. OWC I.U$IOM

‘N nave given analytic expressions for the mean arriva l time .ir S to. steen square
pulse width in ‘1) and .13- reapectively f o r  the propagation geometry ..nown - - ‘ ag .  1.
Osing typicsl ionospheric permesters. it La shown that the lergeet contributacn the
mean arriva l Ii.. as t ime free—spec, value ..- . The Largest correction to  the space
ve lue is probably stilt that proportional to the electron content. Adwever . .csrterinq
say introduce a furthe r delay of I to 10 ia for frequencies Less than abOut ‘30 ~~s.
the pulse lengthen ing effect depends on t oe frequency I tefaned by to - f ? ’ f~~. the
original pulse width is •ubsta~ tiatt y unchanged. LI I.!.. the o r i g i n a l  ru.se say be

- - -
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-c.ry such lengthened , u is fowmd that f is rat her sen s~ ’ ca -.’, to the 0130ac e ~‘f t t s.nnsr scat,, Th should be caut ioned thet 5t,’me ~oruaro sOa t ter tcneo a’y .-sa y itecoae •‘-“ s..~‘me aroosr scal, is too saa~ L,

Th, effects of noise on the .leterninatlon of the mean a r rav a t tame and the meansquare pulse width are ;iven by :1 and aLE .
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MEAN ARRLV.U. TIME AN~ MEAN PULSE I~IDTH OF SIGNALS PROPAGATING

THRO!JCM AN INl1O -il~CE5Eoes IChC’S PHERE WITH R ‘t’O.’l IRRECJLARITIES

1. K. Wong , K. C. Yeh and C. H. L iu

Ionospherg Radio Labora tory ,  Depar tment  of E l ect r i c a l  En~ iueerlagU n i v e r s i t y  of ltltrioia at t tbana—Chanpa ign
Urbana , Illinois 61501

A3STRACT INTRODUCTION

It has been known for SOoe time that as a - 
As a radio signal propagates through thedisper sive ~aedimign the ionosphere will distort ionosphere , the signal is being distorted du~any radio signal propagating through it. Isi to dispersion and scatter ing. The amount ifparticular , the signal trill propagate w it h a diatortiori and it~ dependence on crediuts param—group velocity which is smaller than the tree eters have been studfed by va rious autho t’sspace velocity of light and th, pulse shape (Uo and Yeh, 1975; Ltu arid ~ern ik , 1975 ; T.fuwill be degrad ed by being smeared and stre tched. et ml., 1974; Ulaszek , 1974]. Their appr oaShRecent °tudies of random medium propagation fs adapted front th e theory of wav, propagationhave demonstrated that scattering from random in a turbulent atnosphere (for a review seeelectron density irregularities can give rise Taterski , 1971). Cen tral in this approach 1.to further degradatIon on signals of the kind the solution of the transport equitlon for thojust described. The purpose of this paper is two—frequency miatual coherence function . Atto investi gate the conbined dispersive and the same time hark (1974] has Suggested a newscatterfng effects on radio signals in an in— method of  stud ying the characteristics of ato—homogeneous ionosph er e. chastic transients and ti’ansaissic’~ aedia by

using power-moments spectra vhich characterizeThe ionosphere is riodeled as a slab of the temporal behavior of signals . Temporalrandom irregulari tIes imbedded in an iriho~~ge- moments of the stochastj~ wave can he derivedneous backgrour.d. The background electron den— a~
-a,i ha’.’5, also been studied by different aut~aorncity is assumed to be vertically distributed (Yeh and Liu , 19?7a; Yeh and Liii. 1977b; Ye’swith an arbi t rary p rof i le, although in actual arid Yang, 1977~ under various conditions.numerical computations a Chapman profile is The objective of this paper is to thvesti—used. Por almost all space communj~atioo ap— gate the combined effects of dispersion andplications the wave length is very small when random scattering on th~’ mean arrival Lime ams:Jcompared with the scale height. In this Case the mean pulse width oi a signal propagatingan electromagnetic pulse can be described by through an inhomogeneous ionosphere with ratijornusing the k’KJ solution. In many applications irregularities. These quantities have closethe precise shape of the pulse is not of great relationship with the problems ~( time delayinterest. Instead , a hierarchy of coarse and pulse distortion. We firs t investigate thuscale descriptions sa1.l1 suffice. This suggests parabolic equation of quasi—optics ELlu at al.,the use of  tesiporal moments, for which the 1974) from which we obtain the two—fr equencyfirst moment is related to the mean arrival two—position mutual coherence functions 8oam—time, the second moment is related to the mean erajjzed for a horloontajly stratified is’sbomo—pulse width , the third moment is related to geneous background med ium. The forward scatterthe skewness, etc. In solving for these approximation is used to simp lify the pi’oblens.momeCta the one—position two—frequency ~utua1 The irregularity spectrum discussed beta isCoherence function appears riaturaliy. The assumed to follow a power—law as suggested bymutual coherence tunction in an inhomogeneoa.ss various experimental resulte. Equations forionosphere is derived and lolved approxima tely the mean arrival time and mean pulse width areby the WKR method . The results are applied to then derived. Por specific evaluation of thepropagation of tranalonospheric signals. Some expressions , the background electron densityaumertcsl values will be given . They ahon, that is assumed to have a Chapman’s profile. Usingscattering from random irregularities can have typical ionospheric parameters, some numeri~a1oon—neg 1i~~b1e contribu tion to the arriva l time results are obtained arid shown in a later hoc-and can have dominant contribut ,on to pulse tion.

lengthening.

470



IW0-l~ .kQUENCY W0-P0 StTI O~ MUTU AL V 2 E+k 2 c ( r ) > ( l # ~a( ) ) f  — 0 (5)
COh ERENCE FUN CTION

Let u(~
’) denote the complex amplitude of

Th. geometry of the problem of interest is the scalar field E(r) by writing
shown in Fig. I. A uniform pl.sne wave is tr~ w—
mLc t~d sit s—s 5 and inciden t normall y on top of E( ’) — u(~~) csp(-jk /~~

‘
~~‘7>dl} (6)

a 113b of rs,nJ’oa irregularities at z—0. ch~ing 6
to the orientation of the coordinate axes
is actually negative. The sLab of irregular— Subatt r’ .ring (6) into (3) g ives
ttLes has a thickness of 5g~ 

The wave is re—
cetv~d, ,ifter emerging out of the slab .at zg, V 2u—~~jk. ~~ — j~k ii + k2 (t>~a ‘ u — 0
by a receiver located at z s ~~. The back ground
electron density is not shown in the diagram (7)
but it L a assumed to have a Chapman ’s profile
with thii~ peak at z,

~
. Since the medium is the If we assume the field is scattered into a

communication channel that is of interest , th. small angular cone centered about z—axis, the
a f f ec t s  of th. transmitting and receiving an— forward sc.atter approximation can be app lied
tesinaj wilt not be coaisi,lctcsl . (Tstarskii , 19711. Actually , in deriving (7),

The random electron de~stty irregularit ies the valtdit~ of the 14KB solution is implicit>’
iii the ionosphere can be mathematically char— assumed . V u in (7) can be replaced by the
acterized by taking the dielectric permittivity transverse Laplacian V~ u since u is assumed to
to be random in time and space. But to aim— have a neg li gible variation in z as compared to
pill>’ the pr ’blem . the variation of the permit— one wavelength. Thus the complex amplitude of
tivity is a s a~~..e ,1 ti be very ~ l~~w comparing to the time harmonic field component satisfies
th~ ti me that the Igr.a L wilt rake to pass the so—called parabolic differential equation
through the o.dt .-i. Thi s, the dielectric per-.
mttt tvtty cas h. writte n as c(r) which is a V~u — 2jk/~~~ ‘~~~~ — jk u + k2 c).pu — 0
random function of p~~attton only. The perne— 3m 

r
ab ili ty t’a take.t to be untf~ ro throughout thm (8)

at Interes t and equal to that in free 
~~2 ~2

space. the chatactertstic of the dielectric where V — — + —
pe tm t t t l v i r , La J.scribe,t as T ~~2 3

>’
Z 

-
.5 .5

c(r) — c0 (r)~~~1+- ia(r)) (1) In order to study the stat iorical prop-
er t ies o f the signal , such as the tempora l

w hets moments , rcss intensity fluctuation , etc., one

• needs to first investigate the statistical
— 1—w 2 f..a2 (2) characteristics of the complex amplitude u.p In particular , the tva - f r cquen cy  tw o— pos i t io u

u2 1w2 mutual coh erence f unct iou r will be under in—
— — i_E

~
_,._

~
. 

~~~ 
(3) vertigation. It is defined as follows

p + — .—. * 
.5

eut (z,~~ ,w1)u2(z,p ,sa2)’
hi~~f~ w is the angul ar  electron plasma fre— 2

queue> ’ ~hL ch  is a function of r in our case. (9)
c,~ is the vacuum permtctiv ity and N(s) denotesthe bsckground electron density which is a where < s denotes the ensemble average operator
funr.tiota of heig ht with a typical scale height and en asteriak * represents the comp lex conju—
H. ,The percentage electron density fluctuation gate operation. This function has a unit value

~N(r)/N (z) L~ assumed to be a homogeneous ran- for zcO since in this regiosi th~ slab of random
dom field with a typical scale size t~. irregularities is absent. On the other hand ,

though the random irregul arity is absent be—
Starting with Haxwell’s equations , assum— tween to the receiver , the function 1’ does

Lug time dependence ~~~~ we can write the wave not equal to unity. Thiu is due to the after
equation (Ulastek , 1974; ‘feb and Liu, 19721 for .ffeci as the signal pasees through the slab
the electric field in the form of irregularities. This will he investigated

• ,, .5 la t e r  in the session.
V2E I.k2(e(r)’(l+ia(r))E — —V (E.V(tn(l+u(r))1I

the mutual coherence function F has been
(4) derived by some authors (Ltu and 14.rnik, 1975;

Ulassek , 197- I bu t only for the homogeneous
where k—u/c . IC tha irregularities are large ease. It is a bit more complicated when the
compared to the si gnal wavelength , the right background IS inhomogeneous. From (9) we
hand side ol equat ion (4) can bo ignored (Tatar— know that r depends only on thg distance betwemi
skiL , 19/LI. this assumption Implies that we the two points o~—(x1,y1) and p2 (x3.y~) instead
neglect the depolar ization effects of the w.ive. of their individual posit tori vectors owing to
Therefore equation (4), after decoup ling the the assumption that the flt,ctu.,tton of the sloe—
cartesian components , reduces to the acalar tron density is .s homogeneous random process
wave equ.It ton $
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and the incident wave is unuf~rm arid plan.. whera y0”yf,,~0. Here we hsv~ a~sum.d Q La
L.t u1—u(z, ~~~~ 

and u2—u (a,02 ,u ) be the sig— Cuassian with zero mean. Further , we a$aumale at .n$uI~~r frequeriejes ut an1 wz and at that the random medium Is ‘delta-function ”positions 
~~~~~~~ 

and (
~.~2

) respectively. From correlated along the direction of propagat ion
(6) we write the parabolic equations for u1 and so that Markov ’. assumption can be used

as LTatarskii. 19711 . i.e. using the $pptoxtiastion

+ ,,
L.__ V~~u1 

~~~~~~~~~~ AN (O) 4(
~’—c ”) (14)

)z 2k 1 <t where g,(~) is the correlation funct ion of
£N/N which hss a spectrum N~’~ 

such that

_ _ _  7 4 .(J k t~~~~~
+ 

2 
— + ! 3~ncci~a)~ — 0 — 

I 
8~(,*)dz — 2w J,~ N (~v0)e i T d 2mT4 3:

(10) (15)
a ’ 

_ _ _ ______ 2 *

~~ 2k2/~~~ 
9
T2

U2 

N~~T’
0> — 

~~ Jf AN(;) ~~~~~ d
2p

~ 
+ii!?.~!2~)u * — 0  (16)2

4 4
(11) and m—(K .e~). Thus, differen tiating (13) with

respect To a and lettin g F— y> snd assuming the*If vs multiply (10) by u2 and (11) by u1 and wave is incident normilly on the stab , weadd them together , it becomes obtain

1 1h +~~~
_ —.i~ 1~ (12) + ~ tk1

2..k~,
2) 2 -. ( 2...k 2)2

where
+ (! 1--. (tn(l—k ~

2k
1
2) (L_k~

2k
2

2)3y C u1u2~ (12a) 4 32

V’T~ + ~2._ k~~+k32_2k~2

(12b) 8 (k1
2—k 2)(k~

2 —k 2) ~~~~~— 
k2v’~~~

p

1
t -.1. (k

1
/~~~~~a 1 — k2/~~~~~) (IZc) — 2 t(k1

2—k~
2)(k2

2-k~
2) )  •7 A>~(P) J) — 0

(17)p j  Q + AL. (Lf l (< t 1~~ct 2 >))  (12d)
4 a~ where o—

~~’l
—;2I and kp —..~ (z)/c . To solve (or

V in (17), let us put F in the following form
The formal solution for (12) , after taking the
ensemble avtrage , is given as j ~~ (k 1

2+k2
2—2k )

r _________________

— 
~~ 

(k1
2—k 2)(k2~—k

2) ~~~~ ~~

+ .1 tn((1_~~
2 k 1 2 )(1_~r~2k2

2 )]  + •(~.z )J
4

5 :  
(III)1 

~ 
( ‘Q(~ ’)Q(~”)’d~’dC’

‘
I WriSri W5 PUt F given in (18) back to (17), i~will give a different equation in terms of ~which looks like th. following

( 1<c_ (~)5cc
a 

_ _ _ _ _ _ _ _• - _L 2~~’ !~. + 
~ h~~~p

2
~ ~(k 2

l k~
Z) )(vt~

+(vt,)2)2 I...~tl (~)’CC2(~) 2
0

5 — ~~— ((k 1
2 —k,

2) k 2
2-k~~~ 1 7

~ ( Q(C ’)Q(~”)>d~ ’dC” (19)

For weak random irregularities, the non—lInear
term 

~~~~~ 
in (19) may be ignored . the re-

sulting approxim ate solution is known a, the
(13) P.ytov ’s solution. With this assumption , (19)

becem,s
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1 1 This is the two—frequency two—position mutual
+ .1. ((k 12 _k

~
2) 7 — (k 1

2 _k~
2 ) T) — coherence t.anction for a borirontilly strati—

~s 2 lied background ionosphere under the combined
1 141(3 and Rytov approximations. This solution

~~~ ((k L
2_k.,,

2)(k 2
2_k~2)i ~ A,~(p) is va lid for an observer inside the s i ’  of

random irr e gu l ar i ti e s. I f  the observer is
(20) outside the s lab as shown in Fig. I. the solu-

tion (25) evaluated at the bass of the slab
to solve (20), we introduce a new two—dimen— (a—i 3) will serve as the initia l condition for
sioiial Fourier transform diffraction of wavts below it. Using the same

• approach as shown m l  put ting AN(p) ’O in (20)

d 2 for the absence of irregularities , f is ob—
( i ) 2

— •(p ,z) s p tam ed. I t has the exact form as in (25) cx—

~ if cept the limits in • ate changed an~ is given
— (21a) as follows

- 5+  1
1.~ 

jK.~.’9 
2— ff $(.c ,~z) e d r.~. (Zlb) 9 — ~ d~ L(k1

2
~k~

2)(k2
2—k 2> 

2 k ~‘p P

Using (2lb) and (15), (20) becomes if exp (—j~~ .)

— 
K 2 

((k 1
2_k

~Z) ~ — (k 2
2_k

~
2) ~1 $a

‘exp(j ~~ ((k1
2
~ k,~) 2 _

~~~~2
2 ..k

~~~ )
7

Idc~~)4 25
tI

t (k i
2-~~

2)(k2�~ k~
2)) 

~ ~~~ (26)

(22) where m . The (tr~ t two factors given in
(25) ar~~ a~~sa changed. Instead of the variable

L~t us assume 9 has a form 2 , it is replacod by z~ . The firs t factor is
approxictacoly equal to unity under high C rc—

1 .J quei~ y approximation and it is assumed in our
— IJ.exp(j -

~~
-- ~ ( (k l2 _k~2 ) 7-(k~~~k.~~) 

Tj ) d ~ d is~usston. .

a
(23)

It is useful to expand th~ mutual coher—From (22) and (23), W and 9 can b~ obtained and eric. funetion in .s caries
thus 9 which is found to be

I r — j’
~ 

+ r 1~ + f 2~
2 + (27)

1

where ~— (k1—k2)/it and all the F (i0 ,l,2 )9 — ~~ (k 1 _k~
2) (k 2

2
~%

2)) 
are functions of only. The ffr~ t three
terms are obtained using the result in (25) and

J J (26) and are ~ivon as f o l l o ws• • (it ,0) exp(—j r ~p)T pa — (28a)
SB

• exp(j 
~~~~

— J ((k I
2_ k

p
2)7_ (k 2_k

~
2)~
’Z)d~~)d

2et £1 I k~~.(a.~_ c) d~ (28b)
8k 1

3
(24)

IPutting $ given in (24) back to (18) with the 
• 

k1
2 

__________Initial condition r(s—0) — 1, we obtain finally, —— 
Bk 1 J k.~~~

(z R.c)d
~

}2

0
I

+ 
k ,~ ~_A~ (0) (

~z ,p,aa 1,w 2 ) —l SIC
Le6 t (2

~~~~~~
2
~~J 4k~~

—A N(O) ~ k~~(k 1
2— k2 1 - k~’) V 2ç, 2A

~d
(O) 7n

+ -t..1.xp( 

~ (k1
2—k~

2)(k2
2—k 2) 16k 1

- 
(25 ) 

jV~2A,~(Q) h
+ 

~~~~~~~~ J0 kp”~ (s R-t)dC) (28c)
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The first tens in (28c) will be neglected for MEAN ARRIVAL TIME OF SIGNALS
its value is very small co mparing to ether
terms in the expression under high frequency Let us aesune th. .ignal be a real pulso
•pproxi.ation . p is put equal to rero because P(a ,t) which is a superposition of plane waves ,
th. receiver is assumed to be a point. ~~‘ a

— f f(i&)u(z,u) .xp(j& (t— ~l’Z I c  dç))d.a
IRREGULARITY SPECTRUN —

~ (32)
It is shown in the previous section that

th. prop agatio n of an EM-wave in a random where f(w) is th. amplitud , spectrum and u is
medium is closel y related to t he co rrelation , the complex amp litude with boundary conditi on
or the spectrum , of the random field ~1ti/N , In u(a55 u)al and satisfies approximately the par—
th. ionosph ere , through many measurements, they sbolic differential equation (11). The pulse
.11 seem to suggest the trr .gutartty spectrum ha . enters the slab normally at z—0 and propagates
the spatial wave number dependence it—p s through the random medium. It is received at
eoraoniy referred to as a power—law spectrum. a point a a

~ 
after emerging Out of the slab at

)ut there are a few difficulties for a 3—dimert— 2 2 g. For a real pulse , f (e) and u (a ,ss) unset.
aimed power spectrum of the form ,rP. Firatly , be even in w for an t.otropic medium which i~for p~2, its associated correlation will not assum.d hers. The pulse is assumed to have a
exist. Secondly, for any finite value of 

~ 
narrow bandwidth , i.e. if wesc+fl where es~ ~

some spectral moments will always fail to extçt th. carrier angular frequency, then ~~~~~~~
Fortunately, Shkarosky (1968) introduced an Rent. the pulse can than be expr essed as
inner •cale r0 along with the outer scale to
introduced by Tatarskit (1971) to remove the P(a ,t) — A (a,t).xp(i(w

~
t—kc J ~~~~~ dC))4-c.c.

difficult tee by writing the spectrum as
(p—3)/2 (33)

I x0r01 ‘

•g(K) — ______________________ where c.c. denotes the complex conjugate of the
(2~)

h/2 
K (sr0r 

) first term and the subscript c represents the
corresponding parameters at the carrier fre-
quency. The complex envelope A (s,t) is given

_ _ _ _ _  
Ce —

K (r /152+r 2 )0 2
pf2 0 0 14 

(29) A (a ,t) — J dO g(11) V (z ,fl)
(r0/K 4ic~ 2) ~ — s &

- • exp (j(nt-(k f /~~ dç—k~ f ~~~~~~~~~~~
where *nd K is a ttankel function of a
iLaginery argument. a~2 is the variance of S S (34)
the fluctuation function dM/14. It has an ad-
vantage in using (29) for all the r.lated cot— where g(fl) f(wc+0) and V(&,fl) u(a,vc+~l).
relation functions can be evaluated analyti- Since we have assumed that the bandw idth of
cally . the pulse is small , thus the function g(fl) ia

sharply peaked at 0—0. Ther efore the limits of
The 2—dimensional correlation A~(p) de— the integral in (34) can be extendöd Cram -~~ t o

fined by (15) for an isotropic random field as .howri .
can be expressed in the form IYeh and Liu , -1977a) Now , let us define t he ~th temporal moment

by the equation
— A0 + A2p~ + A~,o’ + •.,, (30) . -

Thus, using (is) and (29) , the coefficients in M(C)(a) t J cA*(a,t) t’~ A(s ,t )’dt
(30) are obtained and are given as follows

(35)
A — l~:r 0/,c 0 • a~~ K, —2’ (e 0r0) I K, .,~~ (x0r~,)0 ‘.P ‘/2 whet. n.O,l,2 This definition ha. been

used in computations of quantu. mechanic al
(31a) packets t3eird , 1972) , in studies of wave dii—

persion (Anderson and Askn e , 1974) and in ca l—
£2 — _/tIr /2r0 014

2 K( 4) (,r0r0),jC ~ 
(it r ) culating the spatial fluctuations of a light

0 P /2 (P )2 ~ ° beam (Ron et al., 1974). The .neemble average
(31b) opera tor is p resen t in (35) because A is ran-

________ 
dom. When the expression (3k) for A is sub—

As, * e4nc /26r3 ° 6 (x 0r0)/X 
~ 

(x0r~) 
stituted in (33) one can tell that th. mutual

0 14 ‘.P )/2 (P )2 coherence function will appear naturally.

(31c) We 98te from (35) that the aeruth temporal
moment K~ 

) (j) is just the enorgy in the poles.
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I

Under the fo rva~d scatter ap?roxi mation it can irregularity slab. The numerical value of AZ
be shown that l1t0)(&) equals to constant , i.e. in (37c) La negative and all the integrals in
the total energy in the pul se is conse çved. (37a ,b .c) have positive valu es. Thus all these
In this case it is convenient to let Ht0) (Z).. 1. te rms tend to increase the mean t ime of arrival
For the time reference, it is convenient to set of the signal.

which means that a pulse is emitte ,4
a; the sending end 1c when t0. Zr general ,

is not equal to zero but only if the MEAN SQUARE PULSE WIDTh
impressed signal has a real symmetric envelope ,
I.e. A(a~ ,t)’. A(zS,— t) A*(ZS, t). Thi s implies Th. mean square pulse width is defined as
that g(QJ must be real and even its 0. For sin— 2
pitfication, such a symmetric vel ope j 5 ~5 M(2) (z )
sursad . For general pulses. M~~~(s 5) must be S 14(u)c1 ) — ~~~~~~ ~~“subtracted out in order to establish the tim. K K
origin.

Raving all these assumptions , the mean (2t ( earrival t ime is given by where H ‘(&)‘ J ~A (z ,t) t 2 A(z ,t))dt and both

1 n~
’
~

(z
~) and 

M (O)(ZR) have obtained previously.
— M~ ~

(z R) — J CA*(z a,t) t A (z ft.O)d t The final expression for t 2 is given by

(36) — + + .~~2 + r 3
2 (40)

Putting A (&,t) given by (34) into (36) and where -

using the results from last section , we obtain
— M (2

~(Z~) (40.)
(5 ~~~~~

t5(Zft, t$) — P. + dt + t 1 +t 2 (37) A
~ 

—~
C 

~l 
— 

4 C ~~ 
(1+10 

~~~ J ks” dC (40b)

where 
0

K 
~ 

4A~
— 

~~~ 
j (1 + ‘ 2 ~~ (37a) — —~zj~~ 

(1+21 —7)~ k
~
’(zR

_C)ZdC

S - (40c)

— -_..L~ 1R • (2+5 ~~~ dC — ~~~~~~~ -i[ 
1R k 2

dC] 

2 

(40d)

S (37b) S

—A 2 ~~ Tn (40) , r32 is actually the mean square
— —ç~ 

k,,5~’ ‘ (ZR-c)dc (37c) puls. width of the signal at the sending end
2ck

~ ~ i... the original pulse width of signal. ¶3
- is a correction term which is contributed by

~~ is called the mean square bandwidth of the the dispersive characteristics of the medium
signal and is defined as only. ~~ and ¶2

2 are the terms tha t come
about because of scattering from the random

7 irregularit ies. There is no A2—term in (40)
S 2it J g(fl)  g~(0) Q

2 dO (38) because it is negligible compared to all other
—~ terms under high frequency approximation. If

we assume the signal has a Guasstan frequency
If the receiver is inside the random spectrum where

medium, (37) is modified to have different 1
limits, The contributions to the mean arrival 3/
timu in (37) are contained in four terms. The g(fl) — (2o ~ 

2) exp(—02/2e 2) (41)
first term represents the tine required for the
signal to propagate a distance 1R~

2S in free 1spec.. The second term ~lt is a correction fac— then T~— (4ii~) . Out of thee. four tenas In
tor to the f i rst term due to the dispersive (40), with typical ionospheric parameters ,
characteristics of the medium . The third tern and are the dominant terms. At low fre—
tI Ia a higher order correction to the first quency , t2

2 is the largest.Aa the frequency in-
two terms and is caused by the finite bandwidth creases, these two terms will have comparable
in the signal , This t1 is proportional to values until at a much higher frequency, ~ 

2
and the dispersive characteristics of the dominant,. Some numerical computations at2
tedium and can be called a term of higher orde r ahown in th. next section.
d ispersion. For a non—dispersive medium , t 1
vanishes. The fourth term t~ accounts for the
random scattering and diffraction in the random
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NUMERICAL RESULTS follows

In this section, we are going to compute ¶2 — 6.333e1O~~ + 2.744x1O~
l6 + 2.Sl8*1O~~1

some numerical values of the mean arrival time
and the mean pulse width for some typical ion— + 1.287110—14 •

2~ (64)
osphertc conditions . The background electron
density is assumed to have a Chapman’ s profile.
With the geometry shown in Vt5. 1 the z—axts is For frequency below 1000 MHz , T., given by (40c)
pointing downward instead of the usual upward dominates the mean pulse width of the signal.
direction , the square of the p lasma wave number When frequen cy is above 4000 -Ols, ¶02.6.333*for a Chapman layer is expressed as i0 h7 52 dominates over all the others, i.e.

the pulse is not being distorted much. It is
N q2 (C—a ) g...~ found that the frequency rang , in which the

k~
2 (C) — .-9__—- ‘ exp~~(l+ ~~~~~~~~~ — exp(..

~~
i2)}) pulse is not distorted is very sensitive t~jheC me

0 mean square bandw id.~~ ~~~ If instead of VOZ —
(42) 2sx1 0 MHz, we use 02 2v5l lOis, r0

2 will become
6.333* lO ’~ s~ and the undistorted s igna l fre —

where is the maximum electron density; q—— qusncy range will be 1500 MHz and above.
the charge of an electron; n—the mass of an Furthermore , t il given in (40c) is very sensi—
electron ; c——the velocity of light; H——the tive to the choice of the inner scale r0. in
scaled height and z0——t h, location of the peak Fig. 3, the mean pulse width is plotted in Log—
of the electron density. The integrals in (37) log scale with three different values of r0
and (40) can be obtained by making use of nun— and remaining other parame ters same as those
erical analysts and a digital computer. They used in (44). For r0—0.l it , it is still a
cam also be worked out analytically. question as to the validity of th. forward

scatter approximation in the parabolic equation rLet us consider some tXplcal ionospheric method when the inner scala is so small. Hut
param .çera where N~..l0I2 m~~, H—80 km, p 4, even when r0— lO it , at 100 lOla , the pulse widt h
,—i0~’ m~~, r0—10— 1 m and a~—0.2. The peak of is lengthened by more than two orders of magni-.

the inhomogeneous electron density is assumed tude.
to be at a~~0. The distance between the satel—
lite and receiver is usually 33,000 km and the
top of the irregularity slab is about 500 ‘ins CONCLUS ION
(ru. ground having a thickness of ab.~ut 100 km.

Assuming the signal has a carrier frequency of In this paper , the expressions for the
230 lOla and having ‘l~ —2irxl0 1Olz, the mean ar— mean arrival time (37) and the mean squsre
rival time is evaluated according to (37) which pulse width about the mean (60) for an EM pulae
gives passing through a random irregularities sl*b

- ., with an tnhomogeneoua background electron den—
ta(z~,as) — 0.117 + 7.095*10 + 3.4l1’lO sity are derived. The model that is used is

mar. realis ti c in characterizing the ionosphere.
+ 4.218 10 9 s- (43) For example , the random irregularity spectru~e

has a power—law profile instead of a C~.u,sigt n
The time t.ken for the signal to travel that profile used by Yeb *ud Yang (1977] and the
distance in free spec. is O.117s. Out of the background electron density is allowed to hc
rest three correction terms , dt 7.095xl0 7 a. imbomogeneous instead of homogeneous. For s~omewhich is proportional to the total electron typical ionospheric parameters , the greatest.
content is the dominant term. For the given contribu tion to the correction in time delay is
value, that are used in here , t2—4.278x10 9 a. At which t* proportional to the total olectron
which La due to random scsttsrl~g and diffrac— contant in the medium and I, given in (37*) .
tion in the random irregularities slab has a Nevertheless , the random scattering factor
higher va’ue than that correction factor t~ ’ brings an addition of 10 to 1(10 ne to the tin,-
3.4l1x10 s. For different set of parameter delay Actually, the importance of th. thick-
values, t1 can be greater than t2  wher , they ness of the irregularities slab is also being
are given in ~~7b~ and (37c) respactively. inv.atigat.d. It only affects the values t~
These three correction terms are plotted in given in (Sic) and it is *hown in Fig. 4, using
log—log scale in Fig. 2 with carrier frequency the same parameters as In (43). When zg)1SO kn~ranging fiom 102 to l*lz. They formed three t~ doss remain the same . It is reasonable be-
straight lines and their values dscr.aas a, the cause we have assumed a Chapma n profile for
carrier frequency increases. This is true be— the electron density. For soss other sets of
eauae2aa t~se frequency increases , the factor ionospheric pa rame ters , the correction factor
(1_N p be2) 12 is closer to unity. Thus , the t~ and t 3 can be larger and this shows that
signal seems to propagate in a medium more the results du~ to random scattering and higher
mearly approaching free space. 2ut for ft.— order dispersion have important implications
qu.ncies between 100 and 200 11Hz, the scatter— for accurat, satellite based navigational and
ing can increase th. time delay S1 10 to 100 ms co~~~unIca t ior systems.

Using the sam . set of parameter values , The pulse lengthening effect depends ~‘n
the mean square pulse width is obtained as the carrier frequency being used . With a
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higher carrier frequency, the signal is less channel ,” flU. Tech. Rep. 054, University
dis tor ted . It  is also sensitive to the inner of Illinois , Urbana—Ch~~tpatgn , ii., USA ,
scale value tha t  is being assumed . Here , it 1974.
should be cautioned that if the inner scale Is
too small , the forward scatter approxImation ‘feb. K. C. and C. H. Liu, “Theory of ionos—
may not be valid. Further , the mean square pherie waves.” New York , USA, Academic
bandwidth of the pulse also has a great effect Press , 1972.
on the range of frequency where the signal is
less distorted. Yeh , K. C. and C. H. Liu , “An investigation of

temporal moments of stochastic wave ,”
Radio Sci., Vol. 12 , USA . lVflk, pp.671—68t1
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Fig. 2. Excess time delay as a funct ion of
5 - frequency for parameters used in (43).
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IONOSPHERIC BUBBLES OBSERVED ~iY THE FARADAY ROTATION METHOD AT NATAL , BRAZIL

IC. C. Yet1, H. Soicher2, C. H. L1u 1 , E. Bonelli3

~Department of Electrical Engineering. University of Illinois ,Urbana , IL. 61801

2Center for Communication Systems, U.S. Army Communication
Research and Development Command , Ft. Monmouth, N.J. 07703

3Department of Theoretical and Experimental Physics, Federal
University of North Rio Crande , Natal, RN, Brazil

Abstract. By a sample record we show that the L.MT which is UT — 3 hrs. The total record length
radio beacon experiments which utilize the Fara— has a duration slightly less than two hours. In
day rotation technique and the scintillation ob- this 2—hour duration at least 5 isolated bubbles
servations can be used to observe equatorial iou— can be identified. Experience has shown that a
ization bubbles. In a two—hour period 5 Isolated bubble can be identIfied by a decrease in the
bubbles have been identified. The depleted total total electron content as given by the Faraday
electron content for one such bubble is 2.2510 16 rotation effect (shown in the lower two channels
electrons/rn2 and the east—west dimension is about of Fig. 1) and the accompanied sudden increase
72 km. This translates to a total depletion of in the fading rate and in most but not all cases
1,651021 electron per meter in the north—south also the increased scintillation index (shown in
direction, top channel of Fig. 1). On occasions during

severe scintillations, the signal nay fade into
The purpose of this paper is to report obser— the noise level. At these times, the po lariza—

vat~ons of ionospheric bubbles by means of the tion of the received wave is of course undefined
Faraday rotation method using signals transmitted and the pclarimeter will drift to any arbitrary
by the geostacionary satellite SNS 1 at 136.379 indication. However , as soon as the signal rises
MHz and received at Natal , Brazil (geographic above the noise , the polarization channels will
coordinates 35.23’W, 5.85’S, dip —9.6 ’ ) .  Such return to correct indications , giving rise to
bubbles have been observed at the equatorial ion— sharpe spikes as can be seen with fairly high
osphere by a variety of experimental techniques , frequency on the bottom channel of Fig. 1 before
the most dramatic of which are radar backscatter 0200 LMT. The examples shown in Fig. I occurred
maps (Woodman and LaHoz , 1976) and the satellite past the midnight and these are easier to iden—
in situ measurements [McClure et al., 197fl . tify because the record is usually not nasked by
These results have been recent ly summarized [Basu so many spikes. Between bubbles the fading rate
and iCelley, 1979]. Theoretically the steepened and usually the scintillation index are both re-
underside of the ionosphe—e is subject to Raleigh— duced. During the period after the local sunset
Taylor instability (Liu and Yet, 1966a and b] and midnight the scintillation can be so severe
which, when triggered , will, develop nonlinearly as to make positive identification difficult.
into bubbles. The associated polarization d cc— The bubble that occurred at 0251 LIlT depicted in
trio field can drive these bubbles upward to form Fig. 1 shows a depletion of 2.2~ lO~-° electrons/rn’-
plumes (Ott , 1978; Ossakow et al., 1979]. Using or about 2% of the diurnal change. The duration
the Faraday rotation technique such bubbles were of 8 minutes can be translated to mean an east-
inferred in observations of Koster (1976] although west dimension of 72 km since spaced station ob—
he did not use that terminology . More recently servations deduce an east—west drift of 150 rn/s.
using the same technique as used in this paper , These numbers indicate that the total depletion
Klobucha r et al., (1978] have reported obaerva— of electrons per meter in the north—south direc—
tions of some very large electron depletions, tion is about 1.651021 electrona/m. Airglow ob—
some even over 20% of the background , while Rino servations show large extension of the depleted
et al. (1978] using the orbiting satellite have region in the north—south direction to sometimes
observed many cases that show complex electron above 1200 km (Whitney et al., 1978; Weber et -.1.,
content structures but only few cases in which 1978] . Consequently, the implied total deple—
their data would suggest a simpl. depletion of tion in these bubbles can be vary large i-ideed.
electron content. Since September 1978 a polar— It is interesting to note that large depl.t Ions
imeter was installed , together with equipment have been reported as far away from the magnetic
for scintillation observations , at Natal, Brazil equator as Sào Jo5é dos Campos (Kaushika and
on the campus of Federal University of North Rio Mendonca , 1974] at which the dip is —23.7’. How—
Grande. We wish to show one sample record ob— ever, the nature of depletions reported by them
tam ed using that equipment. seems to be quite different from those reported

Fig , 1 shows a record obtained on October 15, here.

L 

1978. The time marked on the record is given in During the one—month period from September 18,
1979 through October 19, 1978 , ninety—four such

Copyright 1979 by the American Geophysical Union. bubbles have been observed. A study of their
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statistics and the assoctat~d scintillation ob-
servations is be ing undertaken and will be the
subject of a forthcoming paper.
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Ionospheric E f f e c t s  on Radio Communication and Ranging Pulses

K. C. Yeh and C. H. Liu
Department of Electrical Engineering

University of Illinois at Urbana-Champaign
Urbana , Illinois 6~ 8Ol

Abs t ract

Transionospheric radio pulses used for comm unication and

ranging purposes are modified by propagation effects arising

from dispersion and scattering . To describe these effects

quantitatively, it is convenient  to use the concept of tern—

poral moments. The zeroth temporal moment is proportional to

energy flow in the wave and is constant in a dissipationless H

ionosphere under the forward scatter approximation . The first

temporal moment is related to the mean arrival time which can

be arranged as a series consistincm of terms proportional to

-2n
~c n=O ,l ,2, . . ., where 

~~ 
is the carrier frequency.

Here the n=O term in this series representation of the first

temporal moment is just the free-space transit time which can

be related simply to the geometric distance , a quantity re-

quired with great precision in ranging applications. The n=i

term , which is proportional to the electron content, has been in-

vestigated by various investigators in connection with naviga-

tional satellite applications . The n=2 term in the expansion

of the first temporal moment given in this paper comes about

through dispers ion , finite bandwidth effect and scattering fr o m

random irregularities; the numerical values of each of these

terms are computed in this paper for a Chapman l a y e r .  The

second temporal moment is related to the mean square pulsewidth .

It is shown that an amplitude modulated pulse at a carrier fre-

~~~~~~.
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quency of 100 MHz ~nay be stretched up to several hundred fold in

width , by disier s~ cn and scat t e r ing ,  but such an effect ii-

minishes rapidl y in impor tance as the carrier frequency is

raised . These results provide useful ir.fcrmatior to desi~ ne rs

of satellite-based communication and ranging systems .  

--

_ _  ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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1. Introduction

In applications of all weather navigation ( 1 ] ,  communica-

tion [2], and search and rescue [3] using satellite—based radio

systems , it is very important to know what effects the inter-

vening propagation medium has on radio signals. The intended

signal may be modified in many different ways by dispersion ,

scattering and multi paths effects while propagating from the

satellite to the ground or vice versa. The intent of this paper

is to investigate some of these effects produced by the ion— - - -

osphere. To characterize the signals we will use the temporal

moments which have been developed recently in a sequence of

papers [4], (5], [6], [7]. Effects produced by temporal dis- F~.

persion and scattering from ionospheric irregularities are both

taken into account. Importance of various e f f ec ts wil l  be

estimated using realistic parameters. Actually, the resulting

formulas are all algebraic and the interested reader can com-

pute these simply for himself.

Let the background ionosphere be horizontally stratified ,

varying only along the vertically downward axis z. Superposed

on the background are random irregularities in electron density

The dielectric permittivity is then

= E
~o

<c r +l.1(r)) (1)

where c~, is the free space permittivity , and < t:r (w,z)> is

the relative permittivity of the background medium obtained

by taking the ensemble average of £r and is given by

= l—~~ (z)/~r~ (2)

— ~~~~~~ - -  - - — - -  _ A  - - - - -— - -~_ - - - - - — - _ _ _  ~~
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Here~~~ is the an~ ul.ir plasma frequency of the background

and is a function of z,and ~ is the angular frequency of the

wave . The fluctuating part of the dielectric permittivity is

proportional to -
~ 
(~~) which is given by

-~~ ~~ /w 2 L~N (r)u( r )  = — , (3)N ( z )

where N is the background electron density and ~N is its random

fluc tuating part. By assumption .~N has a vanishing mean. In

the analysis of wave propagation, it will be assumed that ~\N/N

is zero everywhere except in a slab of finite thickness

within which SN/N is a homogeneous random field .

Consider the propagation of a real pulse p(z ,t) from

the satellite at z=0 vertically downward to ~~ . Let the pulse

be narrow banded with a carrier angular frequency 
~~~~~

Such a pulse can be expressed as
z

p(z ,t) = a (z,t)expj [
~~

t- k
~~v~

)d
~
] + c.c. (4)

0

where a (z,t) is the rindom complex envelope , k~~
(z)=~~ ’- - ( ~~,z)’- -c ,

and c.c. denotes the complex conjugate of the first term .

Define the n th temporal moment by

t~ <a (z ,t)a*(z ,t)~~dt (5)

Here an asterisk is used to denote the complex con~u~ate

operation. When defined in this way, the :‘roth mc ment M (0~

is proportional ~o the enerqv flow. Under the forward scatter

~~~~~~~~~~~~
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approximation , which we assume , this energy flow must be

- - constant in a dissipationless ionosphere , which we also

assume . Hence

(z) = M~
0
~ ( 0 )  = constant (6)

The f i r s t moment provides informat ion  on the occurrence of

the pulse. As a matter of fact, the mean arrival time of

the pulse can be defined as

ta (Z) = ~~(l) (z)~ Mm (O)]/~~
0) (7)

This is the travel time required by the pulse to propa~ate from the

satellite at z=0 to the point of interest at z. As the pulse

travels through the medium , it will be distorted and stretched .

In particular the mean square pulse width is related t.o

the second moment by

(z) = M~ ’~ (~ ) - ‘M~
0
~ (:) — t~~~ (~~~ ) ( 8 )

More detailed information on the pulse requires a

knowledge of the higher temporal moments. For example , the

skewness or asymmetry of the pulse is related to the third

moments and the concentra t ion  of the pulse is related to the

fourth moment. The computation of these higher temporal moments

is not difficult but algebraically tedious. With these

momen ts, a least square orthogonal polynomial expansion

procedure can be developed to calculate the mean square pulse

sha pe (71. For many appli cat ions , such details are not neces-

sary and in format ion  on the mean arrival time and the pulse width

wi l l  s u f f i c e .

__________ _____ 

.S

- - - - A - - —-. -



2. Mean Arrival Time

Let us place the origin of a coordinate system at the

satellite . The signal transmitted by the satellite propa-

gates vertically downward along z through the inhomogeneous

ionosphere . The signal encounters a slab of electron density

irregularities from to z5 where scattering takes place.

The dispersed signal undergoes a further diffraction process

in the space Z > Z
B 
before it is received at ZR. The mean

arrival time of the pulse at the receiver is defined by (7),

and its expression derived elsewhere [8] can be rearranged

to g ive

ta (zR) = Z
R/C 

+ a/fc + 
~
/
~c~~~’’’ 

( 9 )

The first term on the right of (9) is just the free—space

travel time and, for any set of realistic parameters. it has

by far the largest numerical value . Additional terms occur

because of dispersion and scattering . The first correction

term is inversely proportional to the square of frequency

and is well—known . It is also proportional to the integrated

electron density or electron content , i.e.,

ZR
a = 

~~
— I ~~~~~ 4 0 . 3  I ( 1 0 )

2c ) c
0

The last expression of (10) is obtained when one uses the Inter-

national System of Units with I representing the electron

content in electrons/rn 2 . The term -a/fc
2 of (9) is often

called the excess time delay (above the free—space value) and

is a quantity of interest in satellite—based radio navigation

- - _—-- - - .-- - -—- - -- ~~~~~~~~~ - -  - ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~
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systems ; its va r i ab i l i t y  has been investigated in several
references [9], (101. For example, u’ a frequency of 1.6 GEz ,

the excess time delay for I equal to l0~~ ~lectrons/m
2 is

52.5 ns. This value of excess time delay corresponds to a

distance of 15.74 m which would result in an error if not

properly taken into account in ranging calculations. Actuall y,

the excess time delay, of course , contains higher-order cor-

rection terms as well , as shown in (9). The second-order

correction term has been derived in [8] and can be written as

= ~~ [ ~ ~R 
f d c , + 3~~Y 1R 2 + 

~~~ ~~: 

~~~~~~~

(11)

where (v ~~ )~~~
’ 2 is the bandwidth of the signal and A~ is re-

lated to the power spectrum of .-~N,’N. The full expression for

A , can be found in 151 . For a power spectrum with the wave

number dependence ~~~~~~~ an outer scale 
~~~~~

, an inner scale

r0 <<Q .~, and .c (SN/N) ~~~
-‘= ~~~~~~~, A , reduces to

A , = -(o~ /Q 0 )~~n~~ 0/r0 ) (12)

In (11) the first term has its origin in dispersion , actually

the part of dispersion that has the 1/f
~ 

dependence . The

second term in (11) arises from the fact that the transmitted

signal has a finite bandwidth ,and the third term comes about

from scattering from random irregularities. To estimate numeri-

cally the magnitudes of these various terms , one has to set up

an ionospheric model. For this purpose let the ionosphere be

represented by a Chapman layer with
maximum concentration N~ = 10 electrons, rn 3

scale height H = 100 km (13)

peak height h ,~ = 300 km 

~~~~~ -~~~~ - ~~~~~~~~~~~~~~~~~~~~ 
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We also need some parameters related to ionospheric irregu-

larities , which are taken to have the following values.

outer scale 50 km

inner scale r3 = 10 m
(14)

rms fluctuations C
M 

= 1

bandwidth (v 2 ) 
1
/ 2  = 10 MHz

A rather large eN value of 100% is used in (14),

which is believed to exist under intense equatorial scintilla-

tion conditions [11) . The irregularities are assumed to be

present throughout this Chapman profile. Since SN/N is

assumed to be a bomogeneous random process , only irregularities

near the ionization peak are most important in producing scm —

tillations. This corresponds roughly to a thickness of about

200 km. For these values , the scattering term (i.e. the third

term) of (11) has a value two orders of magnitude larger than

the dispersion term (the first term) and three orders of

magnitude larger than the bandwidth term (the second term) .

When .~ given by (10) and S given by (11) are substituted into

(9) and the excess time delay is converted into excess distance

— by multiplying by c, the results so obtained are shown in Fig. 1.

At a frequency of 100 MHz , the o~ term gives an excess distance of

1666 meters and the ~ term gives an excess distance of 543.5

meters. As the frequency increases , the c~. term decreases in

a manner like 1/fe ’, while S term decreases like l/fc1’ as de—

picted in Fi g. 1.

- -

- 
- - - 

.~—
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In the planned NAVSTAR Global Positioning System [1),

provisions will be made , whereby time delays at two coherent

carrier frequencies f
~~ 

and rnf 0 will be measured . Let the cor-

responding mean arrival times be ta(fc) and ta (mfc) . Then ,

from (9), the distance ZR iS found to be

ZR = ~ 
m t a (mfc)~~

ta (fc) + _____  + . . .
~~~ 

(15)
rn 2—l

For a user with only two-frequency capability , the data can be

processed according to the first term of (15) , resulting in an

estimate of ZR. What has been ignored in such a process are -

terms given by S and higher-order terms in (15). Depending

on in , 
~~ 

and the expected accuracy , the truncation in (15)

may or may not be important. For example, at GHz frequencies,

by ignoring 3 and higher-order terms the indicated two-

frequency measurements will introduce an error not more than

0.1 in, a very small value . However , the same process at

100 MHz will yield an error of several hundred meters which

may be too large for certain applications . In the latter

case if the accuracy is important , a three-frequency system

can be devised whereby time delays are measured at three

coherently related frequencies. Proper processing of the

three-frequency data can account for  both the ~ term and

term of (9). The error thus committed in estimating ZR is

then proportional to terms beyond the S term in the expansion

given by (9).
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3. Mean Pulsewidth

The mean pulsewidth is related to the second moment

through ( 8 ) .  When the indicated computations are carried out ,

many terms are obtained [51, (8]. For ionospheric applica-

tions , some of these terms are unimportant and can be dis-

carded . If only the three more important terms are kept, the

mean square pulsewidth at the receiver is

~
r 2 (zR) = 10

2 +T 1
2 +t ,2 (16)

where

= T 2 (O)

— 2

t 1 
= 

4:
~~

c
6 f~

2d;

= 
2
~~ 

6 
• f 

fp~
(zR—~

)
~~
d

C Z
A

Note that t 0 is the original pulsewidth when transmitted

by the satellite , r~
z represents broadening contributed by

dispersion and r 2 2 represents broadening contributed by

scattering . If the transmitted pulse has a Gaussian spectrum ,

which we assume in the following computations , the pulsewidth

can be related to the bandwidth by

T o~ =l/a6~i 2~~~) (17)

For a power-law power spectrum of the form ~~~~~~~~, A ,, is given

by

= t
~N /~~~ O r O ) ( 18)

__________ 

I

— — _-f _- —- .-.— -.-.~~. - . — ~~~~~~~~~~~~~~~~~~~~~~~~— —
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To give numerical estimates , we again model the ionosphere

by a Chapman layer with parameters given by (13) and other

parameters given by (14). The irregularities are again

— 
allowed to extend throughout the Chapman layer. Under these

conditions ,t ,~ is very small in comparison with 1 2 and can

be ignored . The effect of pulse broadening through scattering —

is depicted in Fig. 2. For the parameters chosen , a pu lse at a

carrier frequency of 100 MHz is stretched to 142 times the on-

ginal pulsewidth when received . However , as the radio carrier - -

frequency increases the pulsewidth decreases rapidly like 1/fc
3

until it is approximately equal to the original pulsewidth T )~

With a further increase in carrier frequency the pulsewidth be-

comes nearly unaffected by propagation effects. The frequency

at which r 0
2=t 2

2 is defined as 
~e 

Accordingly,

— 
Z B

~e
6 l6v 2A ,, 

2A 

fp~~
(zR—~

)2d
~ 

(19)

For the Chapman ionospheric model adopted in this paper , (19)

can be written as

~e
6 l.0l2~<10

21 
~~c~~ N .;F~~~ r j 2 (20)

where all quantities are expressed in the International System

of Units. For cases in which r ,
2 is small in comparison with

-r ,2 , the original pulse is stretched to ‘~

‘

~~~ times its original

width at 
~~~~~ 

When 
~c

”
~~ e’ 

the original pulsewidth is

unchanged after propagating through the medium . But when

~c< <~ e’ the original pulsewidth is lengthened tremendously.

— 
—- 

~~~~~~~~~~~~

I —-- — _~~~~~A - ~~~~~~~~~~~~ ~~~~~~~~~ — — 
-
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Therefore , in estimating the propagation effects on pulse-.

width , it is important to know the value of carrier frequency

~c relative to 
~~~ - 

-

-- — - - T ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ - - -~~~~-

-

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~
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4. Effect of Oblique Propagation

In all of the above computations , we have assumed that

the waves are incident normally on the horizontally stratified

ionosphere. If the waves are incident obliquely as in the

case in most application situations , these formulas must be

modified . The required modification is simple when the zenith

angle i is not larger than about 45°. In this case, Z
R ~fl the

first term of (9) must be replaced by dR, the geometric dis-

tance between the satellite and the user. The integrals for

~ and S in (9) and the integrals for and r ,~~ in (16) must

be carried out along an oblique path. This can be done by

replacing d~ by seci d~ , where , by Snell’s law ,

sec i = sec i 0 ( l + ( f ~~
2 /2 f c 2 )t a n 2 i~ + ...] (21)

Here i0 is the zenith angle of the ray at the ionospheric

base. With such replacements , the net modification on the

expressions for a and S in (9) and on the expressions for

and 12
2 lfl (16) can be stated simply as follows . For ~~~, the

expression given by (10) must be multiplied by sec i 0 ; or

alternately the expression (10) is unchanged with the under-

standing that I now denotes the oblique electron content. For

5 , the expression (11) mus t be mul tipl ied by sec i 2 and a

new term g iven by

Z
R

sec i 0 tarr i I ~ d ( 2 2 )
4c ~~J P

F 
_ _ _ _  

_ _ _ _ _ _ _ _ _ _ _ _ _ _  

_ _ _ _ _ _ _  

,- --- —~~ —--- ~~.—~~~-—.------- 
- -—- --— —--------- - 

~—--- — — ---- -.-- 
~~~~
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must be added . This new term comes about because of ray

bending . For the parameters chosen and with i~,< 45°, this

new term is small compared with the scattering term . In this

case the modification has the net effect of increasing all

excess distances by a factor sec i ,~ which amounts to, for

example , a 41% increase for i 3=45° when compared with the

ver t ical  case . S imi la r  considerations for the mean square

pulsewidth can be done . Compared with the vertical propagation

case , the relative pulsewidth for the oblique ray is increased

by a factor sec’/ i 0, which amounts to a 20% increase when i 0=45°

These results give the amount of degradation that can be ex-

pected when the satellite moves away from the overhead position.

The amount of degradation can be fairly severe if the satellite

is moved far away from the vertical and appears near the horizon . -

In all the formulas given above, the electron density

irregularities are assumed to be isotropic. When the irregu-

larities are anisotrop ic, additional modifications are expected ;

but such modifications appear onl y on scattering terms . In

general , if the irregularities are elongated the scattering

effects are expected to be strongest when the propagation

path is parallel to the elongation. However, quantitative

estinates can be made only after extending the theory.

-S -

~

- -

~

- -

~ 

- ----
--

~~~~~~
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5 Conclusion

We have shown in this paper the various effects a

radio pulse may encounter while propagating through the

ionosphere. Of particular interest are the mean arrival

times and root mean square pulse width. The mean arrival

time of a pulse is determined by the sum of many terms.

The leading term is the free space transit time which is

independent of the carrier frequency. The second term has

its origin in dispersion and is proportional to the electron

content and inversely proportional to the square of the

carr ier  f requency . This  second term is wel l-known and has

been studied because of its application in the planned

satellite—based navigational systems [9] , [101 . The third

term is inversely proportional to the four th ~cwer ci the

carrier frequency and is itself composed of th ree  t e rms ,

each representing the effect prcth~ced by d ispersion , the

finite bandwidth and the scattering from irre~uiarities,

respectively. In a satellite—based navigational system usina

two frequer.cies, the excess distance caused by the second

term , i.e.,the term proportional to the electron content, can

be compensated through proper data processing , but no amount

of data processing can compensate simultaneously the excess

distance contained in the third tern . In such a case the

third term represents the error in ranging measurements. This

error hasavery strong dependence on the carrier frequency ,

being inversely proportional to the fourth power of the carrier

fre~uency . Numerical estimates show that the error can be 

------ ~~~ --- . ~~~--~~~~ - 
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fairly large (approximately several hundred meters) at 100 MHz

but very small (less than 0.1 meter) at 1 GHz or higher.

The expression for the mean square pulsewidth consists

of three terms: the original mean scuare pulsewidth term ,

the term contributed by the finite bandwidth and the term

contributed by scattering from random irregularities. For

ionospheric applications and when the irregularity fluctuations

are intense , the finite bandwidth term can be ignored in com-

parison with the scattering term. Both the finite bandwidth

term and the scattering term have l/fc
6 dependence and hence

decrease very rapidly  wi th  increasing 
~~~~~ 

If  the original

pulsewidth is tremendously lengthened at low frequencies

through dispersion and scattering , such effects will diminish

raoidly with~ irtcreasing carrier frequency . In this connection

it is useful~ to define a frequency ~e 
as that frequency

at which the mean square pulsewidth due to scatterin~ is equal

to the original mean square pulsewidth . When defined this way ,

the original root-mean-square pulsewidth is lengthened to ~~

times its original root-mean-square pulsewidth when 
~~~~~~~~~~

For the numerical values adopted 
~e 

is found to be 522 MHz.

In making these estimates, the radio signal is assumed

to be incident on the ionosphere normally. For most applica-

tions the radio ray will arrive at the receiver obliquely .

When the zenith angle of the ray is 45°, the excess distance

is increased by 41% and the relative pulsewidth is increased

by 20%. For a zenith angle larger than 45°, the increase

will be larger , but a more refined theory is needed to esti-

mate the numerical value quantitatively.

-~~ - 
I 

—-  

- - ~~;: 
~~~~~~~~~~~~~~~
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Fig. 1 Excess distance as a function of frequency. The
ionospheric model parameters are given in (13) and
(14). The excess distance corresponding to the a
term of (9) is proportional to 1/f~

2 and that corres-
ponding to the S term of (9) is proportional to l/fc’,
as marked on the graph .

Fig . 2 Relative lengthening of pulsewidth as a function of
carrier frequency. The ionospheric model parameters
are given in (13) and (14).
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Appendix E

Scintillation Observations at Natal

by

K. C. Yeh , J. P. Mullen , J. R. Medeiros, R. F. da Silva and
R. T. Medeiros
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SCINTILLATION OBS ERVA TI ONS AT NATAL
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J. R. Medeiros , R. F. da Silva and R. T. Medeiros
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UFRN — CCE

Abstract

An equatorial ionospheric scintillation program was perfonned

during the period 27 February — 13 March 1973 in Peru , Brazil , Ghana - -

and Ascension Island . The purpose of the experiment waa to study the

generation , persisterce and decay of the~ large se.~1e irregularity struc-

ture which is responsible for diffracti on of radio waves transrnitted

through the ionosphere.

This report stresses results obtained at the Ionospheric Radio

Observatory, which 1~ staffed by the Departamento de Frsica Te~ rica

o Experimental , Centro de Ci~ ncias Ex3tas , Universidade Federal do

Rio Grande do Norte .

The Observatory recorded signals of MARISAT I (1’176—17A) and LES—9

(l976—23B), the former at 257 .55 MHz and the latter at ~49.6 MHz. Dur—

log the nighttime hours scintillation en beth signals commonly exceeded

20 decibels peak to peak , and some scintillation occurred on 10 of the

15 nights of the experiment. Scintillation measurements rerfonned with

spaced receivers on a 278 meter baseline indicate eastward irregularity 

- -  - T -  - ~~ . - .-- -— - - - - - ..~~-- -
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velocities of approximatel y 30 — 150 meters per second during the

nightt ime hours. The fading rates observed ranged from 1 per second

to 6 per minute.

R £ S U N 0

Cm programa equatorial sobr~ cintilaç~es ionosf~ ricas foi

realizado durante o perrodo de 27 de feve reiro — 13 de marco no Peru ,

Brasil , Gai-ia e liha da Ascens~o. 0 pr op~ s ico da exper i~ncia era

estudar a produç~o persist~ttcia , e decaimento de irregularidades de

gran de escal a que s~ o respcns~ veis pela d i f raç~ o de andes de radio

tranamitidas atrav~s da ionosfera.

Esse arti go d~ nfase a resultados obtidos no Radio—Obser

vat~ rio Ionosf~ rico do Departamento de F~sica Te~ rica e Experimental ,

Cen tro de Ci~ncjas Exatas da Universidad e Federal do Rio Grande do

Norre .

0 Observa t~ rjo gravou sinais dos sat~ lites MARISAT I

(1976—17A) e LES—9(1976—23B) nas frequ~ncias do 257,55 MHz e 249 ,6MH z ,

respectivamente. Durante a noita a cintilaç~o em ambos s inais  excedeu ,

frequencemente , a valor de 20 decib~ is pico—a—pico e ocorreram

cinti1aç~ es en 10 noites das iS noites de observaç~o. Medidas do

citttilaç~es efetuadas usando—se antenas espaçadas do 278 metros

indicaram componentes de velocidade das irregularidades no sentido

Oeste—Leste do aproximadarnente 30—150 metros por segundo durante a
noite. As taxas do flutuaç~ o de amplitude observadas vao de I pot

Segundo at~ 6 par m in u t o .
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Introduction: A joint equatorid scintill ation program was carried

out from 27 February to 13 March 1973. The program thcluded scien-

tists of the Universidade Federal do Rio Grande do Norte , ~ata~

Brasil (UFRN), the Geophysical Institute of Peru (IGP) , the Univer-

sity of Texas at Dallas (CTD), the University of IllinQis (UI),

Emmanuel College , Boston , Massachusetts , the Air Force Geophysics

Laboratory (AFGL) , and the Space and Missiles Test Center (SAMTEC) .

The sites operated were at Natal, (Brazil), Ancan, J icamarca and

Huancayo (Peru) and Ascension Island Station. In addition , the AFGL

A irborne Ionospheric Observatory flew selected flight patterns over

Peru and Ascension Island . Because of the  wealth of data during the

period , this report confines itself to the observatio~~, and ~re~ i~iinar~

results gleaned from the UFRN station at Natal.

Background : From July 1974 to January H77 the 0bservat~ ry at UFRN

was observing signals transmitted by the LES—ô (1968—810) satellite

at 25~ MHz. From January 1977 to the present , MARISAT I (1976—17A

has been observed at 257 .53 MHz . The antenna system consists of ~

30 foot parabolic antenna which was first installed on a fixed mou :~ t

and later on a manually steerable mount . The receiving system con-

sists of a Vanguard convertor and en R—39OA/URR receiver. Recording

was on a strip chart having a response of about .01 seconds. Because

of the reasonably similar sub—ionospheric intersections (5.35° S,

35.4°W for LES—6 and 5.35°S, 33.6°W for MARISAT It) it was found

feasible to combine the data and to generate the contours show-n in

Figura 1. For purpose of plotting Figure 1, the scintillation index

St is defined by the formula

- 
—- - - - .- -
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St (Pma,~~Pm i n ) / ( P rnax+P min) (1)

where Pmax is the maximum power observed on the chart record and

~mln 
is the minimum power. It is sometimes convenient to express

SI on a percentage basis. A discussion of the scintIllation index

SI def ined by (1) and its relation to othe r definitions of scintilla-

tion index such as peak—to—peak fluctuation in db and S4 index has

been made by Whitney, Aarons and Nalik (1969). The plot of Figure 1

shows a high probability of occurrence of substantial scintillation

near the southern summer solstice and a minim um probability at the

southern winter solstice. No detectable scintillation at these fre-

quencies was found during the daylight hours. The diurnal maximum

was found at 2100—2300 LMT, which is essentially that found at

Huancayo and reviewed by A.irons (1977).

Current Observations : During the 15 idghts of the  exper iment , scin-

tillation occurred on ten of them. W �  have chosen one of these for

detailed examination . Figure 2 which compares the scintillation for

the nights of 9-10 March 1978 observed on the signals of MARISAT I

and LES—9 (l976— .~3B) is in agreement wi t h the long tern results shown

in Figure 1. The sub— ionospheric points for a 400 km intersection

were:

MARISAT I: 5.16° S La t , 33.710 W long .

LES—9: 3.68° S La t , 38.2° W long .

This spacing furnishes an opportunity to examine the relative timing

of the onsets of strong scintillation. The actual onset tines were , to

the best accuracy determinable from the chart records,

MARISAr t 2155 UT

LES—9 2159 UT

,— - - II, ______________-.
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Because the distance between the 400 km Ionospheric intersecti ons t~

too great ( ~~j km)  to be traversed by the normal irregularit y dri ft

in the measured time , it nust be supposed tha t the onsets represented

the generation ~f two separate irreguiarit: clouds. In this examp le ,

the easterly location first encountered scintil lati on .. In earlier

work (Bandvapadhvav and ~arons , 1970) scintillation was commonly sotn

earlier in the west , but a considerable number of observations was

f o u n d  In which scintillation was first ~oen on an easterly path as

it was seen Lore. Scintillation occurring earlier in t h e  east would

naturall y be expected because of the earlier arriv al of ni ghtfall in

chat direction. However , the angle of elevation effect s can often

enhance the effects of weaker scattering layers and present the appear-

ance of having scintillation in either directi on. For high a~~ 1e ob-

serva t ions , however , first occurrence in the east is most likely

(Koster , private communication , 1978). The scintillati on seen in

Figure 2 was quite intense , exceeding 30 db on MARISAT and lb di’ on

LES—9. The differences in the scintillation levels from t he se  two

satellites can be attributed in large part to the difference s in

receiving equipment , the >IARISAT receiver utilized a 30—foot par~ihclio

antenna having a nominal gain ~f 5—db w h e r c a~ the LES—9 equipmen t

used a single yagi with a gain ci 12 db . This continued on i’oth

channels for about 4 1/2 hours. Thcte was little evidence seen of the

onsets and decays indicative of multiple discrete irregularity clouds,

either in Figure 2 or in the raw data . The conclusion which must be

drawn is that there exists large scale structures seen simultaneously

at both sub—ionospher ic locations , b u t  having strong gradients whi ch

produce the pat terns soon in Figure 2. 
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Other observers (Aarons , Wldtney and MacKenzie 1978) have , in

this program , noted that the irregularity patch expanded westward

shortl y after sunset at the lever (i.e., about 1930 LMT). They have

noted that the westward movement halted , with a subsequent eastward

drift on the order of 50—300 meters per second . In a later section

our drift measurements will be described .

A short distance away, a second receiving system was established

by the University of Illinois to perform multifrequen cy observations

of MARISAT. During the program this system recorded the 257.55 MHz
0

signal of MARISAT and by interconnection enabled drift measurements

to be made. A helical antenna with a gain of 16 db is used as corn—

pared with 25 db gain provided by the 3 0 —f o o t  parabolic antenna .

In Fig. 3 is reproduced a short section of the sample record

showing MARISAT amplitude scintillations at 257.55 MHz from the two

locations. The receiving antenna of the top channel is 2 7 8  meters

to the west of the bottom channel. For such a small spacing the

signals are generally almost perfectly correlated with a time delay

which can be used to compute the irregularity drift speed along the

baseline . This has been done for the data recorded in the cventhg of

March 9 , 1978.

Fig. 4 shows the behavior of scintillation during the evening

of March 9 , 1978 . Evidence of scintillation first appeared at 215s UT 
- 

-

(see top panel of Fig. 2). This scintillation rose quickly in intensity

and was fully developed in about 2 minutes at which time the peak—to—

peak f luctuations were 15 db, which corresponded to a S4 scintillation

index of 0.63. About 10 minutes later the scintillation reached its
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- 5 y
it 20 db (ccrres’ond t o  S,0. ~~~ ) . It s t 5 i - .cd at h.s hi~zh

value for .~~~o ut  - 0  •iinutcs . after w~uch 1 O r  ~~~~ 000 A ’  phase 501 i n .

This  decay cont iri ued t or r~oro than fiv e hoi :rs intl I th e  sc m i  l l a c i~-n

c~~n~.1eto ~ v di sJp~ eJrod at 04-0 UT Starch 13 , I9T~~. During the sane

tine the fading rate had .~ behavior shown in the m i d d l e  p a n e l  of  Y i c .  ~~.

Becau se o f the slow r e c o r d i n g  speed b e f o r e  - ‘02 0 , w h i c h  made sc.i t a g

th~ fad -:ng rate impossible , the fading rate data were avai lab le ~n1y

a f t e r  3020 U~~. In t h I s  - ‘r e l l c t n a rv r op~-r r  , ~e f a d i n g  r a t e  Is d e f i n e d

as the  iverase  number of maxttn u z :i per sec5 nd ~n a r eco rd of one minut5 -

duration cen tered about tha vro of inter ~-ot . 1t seen in F i~ . 
.~ t h a t  -

the fa d t u ~ raze decreased co a t  i n t i o u s i  v f r o m  1 — L  sho r t  -

a f t e r m~ dn i ~ ht  to 0. 1 sec~~ in  throc hours. Durtn~ the same t~~re t h o

t ine  d e l ay  o~ the fadin g oat  ~e rn s  oi’~ or ved i t  ~ac ea s t a t I o n s  i nc rea sed

1” f r a : n  e s s  than 2 seconds to nero than n sooonds ts denic t~ d h’

t he curve on th e  b o t t o m  panel c-1 F i g .  4

the apparent anticorrelation between th~ fading rate and the

delay is evidenced In Fig. 4 is interesting and n~ cd~ f u r t h e r  i n v e s t i —  
- 

-

g at i o n .  S ince  the  basel ine d i st a n c e  and o r i e n t a t i o n  are  known , i t is

possi ble t o  compute  the com~ c-n e n t  of the d r i f t  v e l o c i t y  ong the base-

line. The results are shown in Fig . 5. The eastward drif t was

mate l v  150 m s  shortly after the midnight and it decreased ste~ d iLv to

a value  of approxmmate1~ 30 n; s at 0-.00 UT. The average  trend of the

fading rate obtained by rep lotting the da ta sho wn in  i i ~~. 4 is a l so

depicted in Fig. 5. Both the vel ocit y curve (marked V~ and the f a d i n ~ -

rate curve (marked F) showed a decreasing trend . This is expected :

since under the weak scatter l i m i t  and the  f r o o L - n — t n  hv;~ot h e s  ~s , the

scinttllation theory prod Ic s he fading rate to  ho d i r e c t  I ~- - ‘ r’~’.’ r 0 ia I

• 
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to the Irregularit y drift speed . Uowev~~r , ~hen the scintillat ion gets

str~ nger , the multt p le scattering e f f e c t s  are  ex p e c t e d  to become in—

c re a s ing l v important. Theoretical computations have shown t ha t  e f f e c t s

caused by multi p le scattering will acruaflv decrease the correlat ion -

intervals (Yeh, Liu and Youakim , 1975). In other words , for a given

drift speed , the fading rate will increase with the increasing scin-

tillation. As the observed scintillation was decreasin~ through the

period of interest , it may explain why the average race of decrease

of the fading rate was quite different from chat of the velocity in

the beginning, even though they were very similar near the end of the

scintillation period as shown In Fig. 5. If such an explanation i s

correct it nov also imp ly chat the irregularity spectr~.n did not change

much in the peiiod of Interest.

Conclusion: We have described in this paper our preliminary scin-

tillation observations made at Natjl . Ic is shown t h a t  a t  250 St1i~ ,

the peak—to— peak fluctuations can often reach a value as high as 30 dh

which corresponds to an S scintillation index of  nearly unity . ~‘it h4 - -

such a high value of 53 index, the multiple scatter e f f e c t s  ar e  o c r —

tainlv important and the fading signal mus t  be wel l  in to  the s a t u ra t i on

reg ime . Long term observations show tha t t he  s c i n t i l l a t i o n  a c t i v it i e s

at an equatorial station such as Natal art’ h i g h l y seasona l and occur

mainly at local night. Spaced receiver experiments indicate , at least

in one instance , an eastward drift of nightti me irregularities with a

velocity 150 ~/s shortly after OOUT and decreasing to 30 n/s in about

four hours. Such drift measurements have imp l i ed  consequence  in the

study of equatorial electrIc field. These measurements are being con-

tinued and more detailed results will be p u b l i sh e d  in the future .
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Figure captions

Fig. 1 Percentage e- ’cu rrence cout “irs showing scintillation index St
having a value greater than La~~. Data from Marisa t 1 at 25’ .55 MHz
and data from LES—9 at 2u9.6 Mfl.~ are combined to generate  t h i s
f igure .

Fig. 2 Compar ison of scintillation index in dh for signals transmitted
by Marisat 1 and LES-9.

Fig. 3 Amplitude scintillation of 257.55 MHz signals transmitted by
the geostationarv satellite Marisar 1. (1976—17A) and received
at Universidade Federal do Rio Grande do Norte , Natal over
a baseline of 278 meters. The increase In signal strength is
upwards for the cop channel and downwards for the bottom channel.
For writing clearance the two channels are offset by one small
division wh ich , for the chart speed used , corresponds to 0.5
second . Notice the correlation of si gnals  be tween these two
channels.

Fig. .
~ Peak— to—peak scintillati on , fadIn g rate’ and time delay of

scintil lat ing signals during the evening of March 9, 1978.

Fig. 5 A comparison of the fading rate b.F) ~nd the eastward drift
velocity (V).
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OBSERVATIONS OF EQUATORIAL IONOSPHERIC BUBBLES
BY THE RAr IO PROPAGATION METHOD

K. C. Yeh* , H. Soicher~ and C. H. Liu*
*Department of Electrical Engineering ,

Universi ty  of Illinois, Urbana , Ii 618014Center for Communication Systems US Arm y Communication
Research & Develonment Command Fort Monmouth, NJ 07703

Abstract

Recent data collected near the magnetic equator depict one

kind of ionospheric perturbations in the nighttime hours var-

iously as bubbles or plumes. Theoretical studies show that

the under—side of the ionosphere is subjected to Rayleigh -

Taylor instabilities which , when triggered , will cause a

region of depleted ionization to rise as bubbles. When

such regions are traversed by a probing radio wave , the

associated Faraday e f fec t  is exnected to show depletions of

the electron content. This Paper describes some experimen-

tal results obtained at Natal , Brazil (35.23°W , 5.85°S,

di~-9.6°) by monitoring radio signals transmitted by the

geostationary satelli tes MARISAT 1 and SMS 1. Using ioni-

zation depletions as indications of bubbles, statistical

studies of occurrence , size and magnitude of perturbations

are carried out. The most probable depletions for the pro-

pagation path under study have values in the range 1 to

4 X 10 16 
electrons per rneter , but depletions as large as

1.2 x 1O~~’ electrons per meter 2 have also been observed . The

averaae durations for each observed bubble may vary from less

than 2 minutes to over 30 minutes with an avera~e of 8 minutes.

The experimental data further show that the scintillation rate

may increase suddenly when these bubbles either form along or

d r i f t  across the propagation path .
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Introduction

Recent flurry of activities at the magnetic equator has

helped to reach some understanding about the nature of one

kind of ionospheric perturbations occurring at night.

Such ionospheric perturbations are described variously as

ionization depletions, bubbles , plumes, some type of irregu-

larity patches or equatorial spread F irregularities. On

the experimental side, the radar backscatter maps [Woodinan

and Lafloz, 1976] show dramatically the plume— like struc—

tures when viewed vertically upward as a function of time at

a fixed location. When measured in situ, large depletions

of ionization are observed as the satellite passes nearly V

horizontally (McClure et a l . ,  1977] or as the rocket tra—

verses nearly vertically (Kelley et a l. ,  1976] through these -

bubbles. The boundary of the bubble can be very steep and

has been described as ionization walls. Inside the ioni-

zation walls are highly complex and spiky ionization stuc—

tures which give rise to a power law type irregularity power

$ spectrum [Dyson et a l . ,  1974; Morse et a l . ,  1977; Woodman

and Basu , 1978]. Based on propagation measurements , the

occurrence of these bubbles have been shown to be correlated - j

with the onset of scintillation on satellite radio signals

[Aarons , 1977; Basu and Basu, 1976]. They have also been

found to be responsible for backscattering in transequatorial

propagation [Röttger, 1976]. On the theoretical side , the

attention has been mainly focused on some type of plasma

instabilities. Early investigations have shown that

- 
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the bottom side ionosphere is subject to Rayleigh — Taylor

instabilities with a growth rate (Liu and Yeh , 1966a and b]

— gN’
v N 

— (1)
in

where g is the gravity , N is the electron concentration , N ’

is its height gradient , v~~ is the ion—neutral collisional

frequency and B is the effective attachment coefficie~it of

electrons. Recent numerical simulations show that a plasma

mode which is linearly unstable as predicted by (1) or its

generalization or any other f l u i d  type gradien t ins tabil ity

must evolve nonlinearly so that as the depletion increases - 

-

the nonlinear polarization E x B forces in the equatorl3i 
- -

geometry can drive the depleted region upward through the

ionization peak to the topside ionosphere (Ossakow et al.,

1979]. Such a process is apparently very sensitive to back-

ground conditions as the computed bubble rising velocity has

been found to vary from 2.5 rn/s to 160 rn/s.

Analytic treatment of the same problem [Ott, l97S) has

shown that the initial bubble rising velocity depends on the

amount of depletion and is given by 
—

N j~~
Nb g

V — ( 2 )
N~

+Nb ~~ifl

where N 0 is the background electron concentration and ~ b I S

the electron concentration inside the bubble. Aspects of both

observational results and theoretical investigations have been

recently reviewed [Basu and Kelley,  1979; Ossak~w , 1979] .

---5- i-—- ~~~~~~~
5 —5 - — - — - _____._a —



—5- 5. 5— I — — --5- 
5— —

p 
~~~~~~~~~~ 

-

4 
-

In this paper we would like to report our observations

of these equatorial bubbles by means of radio propagation —

experiments and their effects on transionospherically prop—
agated signals.
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Experimental Results

A radio receiving station has been set up on the Campus

of the Federal University of North Rio Grande , Natal , Brazil

(35.23°W , 5.85°S, Dip —9.6°). At various times the station

has been used to monitor different satellites, but in this

paper we will report only some preliminary results based on

the geostationary satellites SMS 1 and MARISAT 1. The satel-

lite SMS 1, parked at 90°w , transmits a linearly polarized

signal at 136.379 MHz and its signal has been used to measure

the Faraday polarization rotation and hence the total elec—

tron content integrated along the path from the satellite

to the ground terminal. The satellite MARISAT 1, parked at

15.4°W , transmits a circularly polarized wave at 257.55 MHz

and its amplitude is received at two stations with an east-

west spacing of 278 meters. This distance is very small and

the scintillation patterns at two stations are nearly perfectly

correlated . By the method of similar fades, the time disp lacement

can be used to compute the drift velocity . Additionally , the

amplitude of an L band signal at 1541.5 MHz transmi tted by MARISAT

1 is also received at one station for scintillation studies.

Fig. 1 is a picture of the sample record of signals trans-

mitted~~r SMS 1. The time goes from left to right with hourly values

marked in LMT which corresponds to UT - 3 hr. The top channel

shows the ampli tude , the middle two channels show the p lane of

polarization in a ramp format with one displaced by 90° from

the other , and the bottom channel gives effectively t~ e middle

portions of the polarization curve given by the two middle channels

except the sense of the plane of polari :ation rotation is reversed.

The top amplitude channel is approximately linear in dB and the full

5 -.- .•_5.~~~ _.-~ ~~~~~~~~~~~~~~~~~~~~
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scale change corresponds to .about 18 dB. The sense of

rotation in the two middle polarization channels is such

that an upscale corresponds to a decrease in electron content.

The full scale for the middle two channels corresponds to a

polarization rotation of 180° or a change of 1.89 x 10 11

electrons/rn2 in the total content. Two depletions can be

easily seen in Fig. 1 and both are accompanied by the increased :1

fading rate and the increased scintillation index. During 
S

the one month period from September 18, 1978 through October 19,

1978 ninety-four such isolated depletions have been identified.

We shall call these isolated depletions bubbles since by

inference they are most li kely the very bubbles or plumes

seen by radars and satellites. In the f a l l o w i n~ are given

the statistics of these 94 cases.

Fig. 2 is a histogram showi —ic the -c-urr e:- -e .me deter—

mined from the SMS 1 data such as Nc . .. :~ is :lear that

these bubbles occur exclusively at nicht , ~~~~~~~~~~~~~ l~~:00 hour

and 04:00 hour , with a major peak in 20:00-22:00 hr. and perhaps

a minor peak in 0 2 : 0 0 - 0 3:0 0  h r .  This  occurrence t ime  is also

compared in Fig. 2 with the average percentage of occurrence

of scintillation at 257.55 MHz transmitted by the satellite

MARISAT 1 with a scintillation index larger than 0 .6  (supplied

by private conixnunication from J. P. Mullen Air Force Geo-

‘ physics Laboratory) . Here the Scint i l la t ion index used is

that defined by Whitney et al. (1969]. The scintillation curve

(shown dotted in Fig. 2) is shifted slightly in time so that

it will have the same local time base as the histogram since

- -
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the sub-ionospheric points of the two propagation paths are

separated by about 4° in longitude. An inspection of Fig. 2

shows that bubbles and high scintillation index occur nearly

coincidentally in the early evening part of the scintilla-

tion act ivi t ies  but not in the latter part. This apparent

discrepancy may be explained in part by the observat ion tha t

early evening bubbles are longer lasting , occur more frequently

- 

- and sometimes in successions, and genera l ly  are associated

with almost continuous strong scintillations while bubbles

observed past midnight occur less frequently and when they

occur they are associated with strong scintillation activities

interlaced with periods of weak scintillation activities such

as shown in Fig. 1. Some of these points are revealed in

Fig. 3.

During the two-week period shown in Fig. 3 the geosta-

t ionary  s a t e l l i t e  SLMS 1 was transmitting continuously and

s c i n t i l l a t i o n  of the signal at 136 MHz were observed every-

day. The onset of scintillation during this period was ob-

served to fall within a narrow time window of 18:30 to 19:00

LT. This is clearly shown in Fig. 3 where a thin straight

line is used to indicate presence of scintillation. The

onset of scintillation is generally very sudden and the fluc—

tuations usually become very intense in lust a few minutes.

This behavior  should be contras ted w i t h  tha t  occur r ing  near

-: the termination of scintillation where both the scintilla-

tion index and scintillation rate decrease gradually before

complete cessation. Superposed on scintillation events

5_S —— 5~~~~~~~~ 5 ~-5~~~~~~~~~~~~~ -55~~~~~.55~_ ~~__ ~ L~55_ •____5-5-~~
5-5-5 
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(indicated by thin lines in Fig. 3) are occurrences of

ionospheric bubbles indicated by thick lines. The bubbles

occurring before the local midni ght ar e obviou sly more numer-

ous than those occurring after the local midnight. Actually,

the scintillation before midnight is usually so intense that

it often makes scaling d i f f i cu l t .  It is possible that some

of the bubbles were actually present before midnight but not

scaled as such because of obscuration from scintillation .

It is interesting to note that for the night of October 12,

1978, no bubble was observed even though the scintillation

was present for four hours , a duration somewhat shorter than

normal.

A histogram depicting the duration of ionization de-

pletions is given in Fig. 4. Most of these depletions last

less than 10 minutes , but there are also a number of cases

lasting longer than half an hour. These depletions have a

distribution shown in Fig. 5. Most cases have a decrease in

equivalent vertical electron content of less than 4~ l0 16

electrons/rn2 , but depletions as large as l.lx10 17 e1ectrons,’m~

have also been observed. This is about 16% of the total diurnal

change which has art average value of 7.05~l0 1 7  electrons/rn2 .

In an attempt to search for correlation between events with

large depletions and events with long enduring bubbles a

scatter plot is made in Fig. 6. The results seem to suggest

that long enduring bubbles have a tendency to be associated

with large depletions, but the converse may not be necessarily

true.

- L
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The sample results of scintillation observations at

257.55 and 1541.5 MHz of signals transmitted by MARISAT 1

are shown in Fig. 7. The top three panels refer respectively

to peak-to—peak amplitude fluctuations in d~ , the rate of

fluctuation in number of maximum per second determined from

a record of one minute duration and eastward drift velocity

in rn/ s , all analyzed from 257.55 MHz. The bottom panel refers —

to peak-to-peak amplitude fluctuations in dB at 1541.5 MHz.

During the period of one hour forty minutes shown in Fig. 7,

the scintillation at 257.55 MHz was very severe , hovering around 20dB

(equivalent to S4 scintillation index of 0.8) except perhaps

around 00:15 during which the peak-to-peak fluctuations were

dropped to about 5 dB (equivalent to 54 scintillation index

of 0.26). On the other hand , the fluctuation rate showed

broad increases of which at least three can be identified in

Fig. 7. The f irst one occurred from 00:30 to 01:00, the

second one occurred from 01:00 to 01:20 and the third one

started at about 01:20 and, because of missing data , did

not f inish . It is interesting to compare these broad in-

creases in fluctuation rate at 257.55 MHz with the three

broad increases in peak-to-peak scintillation index at

1541.5 MHz. A possible explanation on this close compari—

son will be given in the next section.
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Discu5sions and Conclusion

The kind of eauatorial ionization depletions observed

by Faraday rotation technique discussed in this pacer has

been first reported by Koster [1976]. By monitoring VHF

radio waves transmitted by the SIRIO geostationary satellite

and received at Ascension Island , Kiobuchar et al. [19781

have observed large bubbles which occasionally show a de-

pletion over 20% of the total value. The arrival of bub—

bles is usually associated with the onset of strong ampli—

tude scirtti].lations in a manner similar to examples shown

in Fig. 1. However , in our data we do not observe a large

increase in the slope of the background electron content ‘

before the arrival of bubbles as reported by them. On the

other hand , using mtiltiple—frequertcy signals transmitted by

the orbiting Wideband satellite , Rino et al. (1978] have observed

only a few cases of simple electron content depletions , the

kind reported in this paoer ; but sciritillations at gigahertz

frequencies are always associated with extremely large vari-

ations in electron content.

Based on one month of our data the appearance of a bubble was

always accompanied by the increased fading rate, while the

peak-to—peak fluctuations might or might not increase.

According to the theory of wave propagation in random media ,

the fading rate depends on several factors. In the weak

scatter limit the scattering of radio waves is controlled

by the Presnel filtering effect (Wernik and Liu , 1974], i.e.

the scattered power come s mainly from irregularities of

Fresnel size t~~ /zX where z is the distance between the region

of irregularities and the receiver and A is the radio wave- 

—‘--‘------~~- - - -  
5-5’- u__ - 

~~~~

- 5-
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length. If one further introduces the Taylor ’s frozen-in hypo-

thesis (whigh seems to be supported by the observed high corre-

lation between spaced stations ), the fading rate in the weak

scatter case is found to be proportional to V/~p where V iS

drift velocity of irregularities. The drift velocity determined

by the spaced station observations has only slow variations such

as shown in the third panel of Fig. 7 and cannot be used to ex-

plain the sudden increase in fading rate during the presence of

a bubble. Since the observed scintillation is fa i r ly  severe ,

the above weak scatter theory is really not valid . According

to the multiple scatter theory (Yeh et al., 19751, the correla-

tion distance of the received amplitude may actually decrease

with increased scintillation index due to randomization effects .

Exper imental ly ,  the control of scinti l lation rate by the Fresnel

f i l ter ing e f fec t  in the weak scatter case and by the randomiza-

tion effect in the strong scatter case has already been demon-

strated by multifrequency studies of scintillations (Umeki et

al., 1977]. It is necessary to use the multiple scatter theory

to explain the gross resemblance of increases in the fading rate

at 257.55 MHz and increases in the peak-to-peak fluctuation at

1541.5 MHz shown in Fig. 7. This is because at 257.55 MHz the

scintillation index is already saturating, any increase in irreg-

ularity strength perhaps due to arrival of a bubble must be accom-

panied by the increased fading rate signifying decorrelation by

multiple scattering , while at 1541.5 MHz the weak scatter theory

cart still be employed and it predicts that an increased irre~-

larity strength is accompanied by the increased scintillation index.

This interpretation is further supported by the fact that the

- — .____ _ A  -  - — -—‘ -5 5’- — - --~~~~~~-~~ ________

~~~~

i

~~~

t

~ 
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fading rate should be proportional to I! in the weak scatter

limit. In Fig. 7 when the scintillation index at 257.55 MHz

was minimum at about 00:15 UT the fading rate was 0.18 peaks/sec .

The fading rate at 1541.5 MHz was 0.38 peaks/sec, giving a

ratio (0.38/O.18) 2.l. The square root of the frequency

ratio is (1541.5/257.55)1/2 =2.45 which compares favorably with

the fading rate ratio of 2.1. This implies that decorrela-

tion by multiple scattering was responsible for observed

high fading rate in Fig. 7. However, as mentioned earlier

there were a few cases for which only the fading rate was

increased, but not the scintilla tion index , during the appear- —

ance of a bubble. For these cases the present scintillation

theory using the random media approach does not seem to be

capable of offering an explanation . A new look at the scm-

tillation mechanism may be desirable. Interference of grazing

rays reflected from bubble ionization walls as proposed by

Cram et al. (1979] may well be responsible for such cases.

The numerically computed bubbles [Ossakow et al., 1979]

show a nearly constant depletion of about l.OxlO ’ electrons/rn3

densit~r for a region extending in 110 km in height. This

amounts to an electron content depletion of l.lxlO 6 elec-

trons/rn2 which is near the lower boundary of the most probable

depletions given in Fig. 5. Based on our observations, deple-

tioñs as large as 10 times larger than those computed by

Ossakow et al. (1979] are possible.

I

~~•1~
’5’ - 5’ - - - - 
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The observed bubbles as shown in Fig . 4 have an average

duration of 8 minutes. For a drift velocity of 150 m/sec,

this corresponds to an average size of about 70 km. Inside

each bubble the electron depletion has an average value of

3*10 1 6  electrons/rn 2 as shown in Fig. 5. This gives the

average depletion inside each bubble a value of about 2*102 1

electrons per meter in the no~rth-south direction. Airgiow

observations indicate a north-south extension of at least

1200 km [Whitney et al., 1978; Weber et al., 1978], which

value we will take. The total depletion for each bubble has

then an average value of 3*102 7  electrons, certainly an

enormous value even though it is about 5 orders of magnitude

smaller than the totality of all electrons around the whole

globe in the ionosphere.

-A ~~~~~~~~~~~~ -



________

14

Acknowledgement

This research was sponsored by the Army Research Office

under grant DAAG 29-78-G-OlOl. We wish to thank J. P. Mullen

of the Air Force Geophysics Laboratory for sharing some of

his data with us before publication. The oolarimeter was

installed by personnel from Itapetinga Radio Observatory un-

der the direction of Pierre Kaufrnann and the field station

maintenance was supervised by E. Bonelli of the Federal Uni-

versity of North Rio Grande. The assistance of Francis J.

Gorman, Jr. and K. S. Yang in electronic equipment is acknow-

ledged with pleasure.

~~ 15’fl~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- -5’- - -5’———---- -5’--~
_ ----.-- 5’- -  

--5 - --

- - 

15

References

Aarons , J . ,  Equatorial scintillations: A review , IEEE Trans.
Ant . Prop . AP—25 , 729 , 1977.

Basu, S. and S. Basu , Correlated measurements of scintillations
and in-site F region irregularities from OGO-6 , Geophys.
Res. Lett., 3, 681, 1976.

Basu, S. and M. C. Kelley, A review of recent observations of
equatorial scintilla tions and their relationship to current
theories of F—region irregularity generation . To appear
in Radio Science , 1979. 

-

Cram , C. M., H. G. Booker, and J. A. Ferguson, Use of re-
fractive scattering to explain SHF scintillations, Radio
Sci., 14, 125—134, 1979.

Dyson , P. L., J. P. McClure and W. B. Hanscoin, In—situ measure-
ments of the spectral characteristics of F-region ionos-
pheric irregularities , J. Geophys. Res., 79, 1495, 1974.

Kelley , N. C., G. Haerendel, H. Kappler, A. Valenzuela, B. B.
Baisley, D. A. Carter, W. L. Ecklund , C. W. Carison,
B. Havsler and R. Torbert, Evidence for Rayleigh—Taylor
type instability and upwelling of depleted density re-
gions during equatorial Spread F, Geophys. Res. Letts.,
3, 448, 1976.

Kiobuchar, J. Aarons, E. Weber, L. Lucena and N. Mendillo,
Total electron content changes associated with equa-
torial irregularity plumes. Presented at National
Radio Science Meeting, paper G4-2, 6-9 Nov. 1978,
Boulder , Colorado.

Koster, J. R., Study of the equatorial ionosphere . Report
AFGL-TR-77-0165, University of Ghana, Legon , Ghana, 1976.

Liu , C. H. and K. C. Yeh, Low—frequency waves and gradient
instabilities in the ionosphere , Phys. Fluids , 9, 1407,
1966a.

Liu , C. H. and K. C. Yeh, Gradient instabilities as possible
causes of irregularities in the ionosphere , Radio Sci.,
1, 1283 , l9 6 6 b .

McClure , J. P., W. B. Hanson and J. H. Hoffman , Plasma bubbles *

and irregularities in the equatorial ionosphere , J. Geophs.
Res. ,  82 , 2650 , 1977.

Morse, F. A., B. C. Edgar, H. C. Koons , C. 3. Rice , W. 3. Heikkila ,
3. H. Hoffman , B. A. Tinsley, J. D. Winningham , A. B.
Christensen, R. F. Woodman , 3. Pomalaza and N. R. Teixeira ,
EQU ION , an equatorial ionospheric irregularity experiment ,
3. Geophys. Res., 82, 578, 1977.

5’- _

~ 

5’-*~~~~~~~~ -5’
~~~~~~~~~~ - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~L~~~~~~~~~~~~~~~~~~~~~~~~~~III



- - w- --

16

Ossakow , S. L., S. T. Zalesak and B. E. McDonald , Nonlinear
equatorial spread F: Dependence on altitude of the F
peak bottomside background electron density gradient
scale length, J. Geophys. Res., 84, 17, 1979. —

Ossakow , S. L., A review of recent results on spread F theory.
NRL Memorandum Report 3909 , January 1979.

Ott, E., Theory of Rayleigh-Taylor bubbles in the equatorial
ionosphere , 3. Geophys. Res., 83, 2066-2070 , 1978.

Rino, C. L., R. C. Livingston and J. Owen , The structure of
equatorial gigahertz scintillation. Presented at Na-
tional Radio Science Meeting, paper G4-4, 6-9 Nov. 1978,
Boulder , Colorado.

Röttger, 3., The macroscale structure of equatorial irregu- 
-

larities, 3. Atmos. Terr. Phys., 38, 97—102 , 1976.

Umeki, R., C. H. Liu and K. C. Yeh, Multifreguency studies of
ionospheric scintillations , Radio Sci., 12, 311—317 , 1977.

Weber , E. 3 . ,  J. Buchau , R. H. Eather, and S. B. Mende ,
North/south aligned equatorial airglow depletions ,
3. Geophys. Res., 83, 712—716 , 1978.

Wernik , A. W. and C. H. Liu, Ionospheric irregularities
causing scintillation of GHz frequency radio signals ,
3. Atmos. Terr. Phys. , 36, 871—879, 1974.

Whitney, H. E., 3. Aarons and C. Malik , A proposed index of
measuring ionospheric scintillations , Planet. Space
Sci., 17, 1069, 1969.

Whitney, H. E., 3. Aarons , J. Buchau , E. 3. Weber , and
3. P. McClure, The evolution of scattering equatorial
F-region irregularities and resultant ef fec ts  on trans-
ionospheric radio waves. AGARD Conference Proceedings
No. 244 , Aspects of Electromagnetic Wave Scattering in
Radio Communications edited by A. N. Ince, paper 8, 1978.

Woodmari, R. F. and S. Basu, Comparison between in-situ spec-
tral measurements of F-region irregularities and back-
scatter observations at 3 m wavelength, Geophys. Letts.,
5 , 869 , 1978.

Woodman, R. F. and C. LaHoz, Radar observations of F-region
equatorial irregularities, 3. Geophys. Res., 81, 5447,
1976. —

Yeh, K. C., C. H. Liu , and M. Y. Youakim, A theoretical
study of the ionospheric scinti l lat ion behavior caused
by multiple sca ttering, Radio Sci., 10, 97—106 , 1975. 

- - -•—-~~~~~~~~~~~~—  -~~~
-

~~~~~~~~
- -
- .  

- -



17

F ~ 1 Sample data o~ l~ 6 3,9 MHz siqna].s transnu ’—ted b~
the geostationary satellite GOES 1 and received at
Na tal , Brazil on October 16, 1978. The top channel
shows the amplitude. The scale is approximately
linear in dB with a full scale deflection corres-
ponding to an ain~1itude change of 18 db. The middle
two channels show the plane of polarization in a ramp
format with one channel displaced by 90° relative to
the other. The full scale deflection corresponds to
a rotation of the plane of polarization by 180° . In
both middle channels , an upscale indicates a decrease
in electron content. The bottom channel gives essen-
tially the middle portions of two middle channel with
the sense of polarization reversed. -

Fig. 2 Histogram showing the occurrence time of ionization
bubbles determined from data such as shown in Fig. 1
for the period 9/18/78 through 10/19/78. The dotted
curve referring to the right scale depicts the aver-
age occurrence percentage of scintillation index ex-
ceeding 0.6 at 257.55 MHz transmitted by the geosta-
tionary satellite MARISAT 1 and received at Na tal for
the same period but in a different year.

Fig. 3 Diagram showing occurrence of scint i l la t ion (m di—
cated by thin lines) and of bubbles (indicated by
thick lines) for a two-week period in October 1978.

Fig. 4 Histogram showing bubble durations deduced from data
such as shown in Fig. 1 for the same period shcwn in
Fig. 2.

Fig. 5 Histogram showing depletions of the total electron
content inside the bubbles for the same period shown
in Fig. 2.

Fig. 6 Scatter plot showing electron ccntent depletion vs.
bubble duration.

Fig. Scintillation observations on October 18, 1978 at
Natal of signals transmitted by the geostationary
satellite MARISAT 1 at 257 .55  MHz and 1541.5 MHz.
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1. Introduction

When a radio wave r~ro~ acates through the ionosphere ,

the sometimes present irregularities can scatter radio wave

enerc~v and will cause fluctuations in the wave parameters

such as amol itude , phase , direction of arrival, etc. Th is

is known as the ionospheric scintillation ohenomenon. The

study of the scin tilla tion of transionospheric radio signals

plays an important role in satell ite communications and ~eo-

physics. In these applications , it is impor tan t to know the

dependence of scintillation on radio frequencies. Yet , early

exper iments were made mostly in the HF & VHF ranges, usually

with a sing le frequency . Some with simultaneous measurements

at two frequenc ies and very few of these measurements ~~ re

made at several widely spaced frequencies. Because of the

expected strong dependence on frecuency , it is anticioate~

that multiple scattering may take place in the ionosphere at

a frequency of 530 MHz or even h icher. The’~retical1y, the

mult iple scatterin~ effects have been investigated numerically

[Yeh and Liu , 1975] . It was found that for the parameters

chosen and for frequencies higher than 1 GHz , the correlation

distance decreased wi th frecuencv. For frezuencies less than

about 500 MHz , mul tiple scattering played an important role

in making the correlation distance to increase with frequency .

(Fig. 1)

* In 1976 , simul taneous scintillation data from the ATS—6

Radio Beacon Experimen ts for signals at 40, 140 , 360 MHz
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data cent ~i i n  va 1uabl~’ lfl forma t ion ,ahout the phvs i ~~

h \ V n l m : .,_ ‘f t 1IC I I p h e i t ’  . The ~‘ro ~e ’ t  ~‘ ‘n c e : n  w i t h

- - V ~~~~~~~

V V ~—— --- —— -‘ .~ S ~~~~~~~~~ V  V VV V 5 5  — V



_ _ _ _  - 5-—--- V
VV V V

4

r
54 at 360 MH: ~ h40,’40) ~ 4C \lt-4 z at 40 MHz

<002  6 ± 20°f. ± t 3 ’ .
2.5 - 2 C C 2 - S 4 < 0V06 38 ± I i  % ±9%

3 0.08< - ±25 °’. ± 1 4 %

~I 0.06,0.13 0.91 
~~~~~ -

-

LU

z
H

z
2

-

~~~‘ Q .

4

40 40
FF E ~~~~\C’~ . M~- :)

F~qure 2. Normaltzed correl~ tjon intervals ,i:, functtons
of signal frequency CR. Umeki, ot

__________________________________



--5

S

making these measurements at an equatorial station where the

scintillation is known to be strong . For this purpose, a

cooperative program with a Brazilian university (Federal

University of North Rio Grande) has been established . Both

equipment and personnel will be sent to Brazil to help estab-

ljsh the field station and to collect data .

The MARISAT satellite transmits continuously both the

L band signals at 1541.5 MHz and the C-band signals at

3945.5 MHz. The L-bartd and C-band systems are designed to

carry out two types of experiments :

(1) Designed toward obtaining specific information

needed to study specific aspects of the scintilla-

tion problem .

( 2 )  Designed for the purpose of col lec t ing long-term

statistics of the phenomenon .

In the following two sections , we shall describe s imp ly

the block diagrams of the C-band and the L-band receiver

systems .

1.1 General description of C-band receiver system

The antenna system composed of antenna and parabolic

reflector receives the C-band and L-band signal s imul taneously .

The demultiplexer separates the C-band signal from the L-band

signal and channels them to corresponding receiver. The C-band

receiver system is composed of the basic frontend and the back-

end . A block diagram of the C-band system is shown in Fiq. 3. 

~~5.’V-5~~~~~ __  
~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~~~~~~~~~~~ r
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In the backend there is a 10 MHz crystal reference

oscillator which determines the operating frequency of the

system. The frontend is basically a frequency down converter

* requir ing a 3850 MHz LO s igna l .  This LAD s ignal  is generated

by mult iply ing by 33 t imes a 116 2 / 3  MHz reference supplied

by the backend . In the backend th is  reference signal  is

di rect ly  synthesized from the 10 MHz reference oscillator

ou tpu t .  The 3 9 4 5 . 5  MHz C-band signal is preamplified in a

low noise transistor amplifier , then filtered and mixed with

the 3850 MH z ceference to generate the 9 5 . 5  MHz IF that

fe eds the backend . In the backend , th i s 95.5  MHz IF is

fu r the r  down converted with the 116 2 / 3  MH : reference to a

21 1, 16 MHz 2nd IF signal. Then finall y a model B

receiver is used to detect this 2nd IF signal. The output

of the model B receiver (AGC vo ltage l goes d i r ec t l y  to the

multi-channe l d ig i ta l data logging system with the voltage

range from 0 . 2 V  to 0. B V and a signal dynamic range of 20 db.

This mul t i -channel  data logging system is f u l l y  described in

a separate report [Yang and Heart-i, 19771.

1.2 General descript ion of L-barmd receiver system

The block diagram of the L—ba n d receiver system is

shown in Fig . 4. The reference for the L-band receiver is

the crystal controlled LO oscillator MO-1O8XC with the fre-

quency set at 1430 MHz. This signal is derived by multip lyino

a 102.14286 MHz reference frequency 14 ti mes. The L-band

signal  is first preamp lified and then mixed with the 1430 MHz

-V - ~~~~~~~~~~~~~~~ ~~~~~ V’V__
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reference and resulted in a 111.5 MHz IF output. It is 
V

further down converted by reference again to the 102 MHz

signal to form the 2nd IF signal at 9.35714 MHz. Again , the

2nd IF is fed into a model B receiver to generate a DC out-
V 

put to the data logging system for eventual recording on

magnetic tapes. 
V

1.3 Model B receiver

The model B receiver is designed to receive sub-microvolt

signals from satellites in conjunction with ionospheric re-

search activities. The bandwidth of the receiver is estab-

lished at 4 KH2 by fixed ceramic filters . The receiver em-

ploys an automatic gain control such that the output is

logarithm ically related to the level of the incoming signal.

The relation has been found to be linear (in  db) in Chap. 4.

The output of the model B goes to a multi-channel digital

data logging system. The desired input voltage to the first V

four channels of the data logging system should range from

0.2V to O.8V into 100 , 000 ohms. Checking the voltage range

0 .2V to O .8V with the Figs. 19 and 20 , we f ind  the operating

point of the C-band receiver input should be approximately at

—100 dbm . We can use the 31 db step attenuator to adjust  the

input power level to the model B receiver.

Although the model B receiver has a bandwidth of only

4 KH z , the input of the model B receiver in the C-band

system will fa l l  within this bandwidth because the stability

of the 10 MHz reference is io ’~~ and the signal coming from

the satelli te is precise enough . In Chap. 4 we wi l l  talk

about how to operate the model B receiver in C-band system .

- - 
- - -- , V —
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2 . A Detailed Description of the Frontend L
2 .1 Antenna

The an tenna  used in the C-band system is an AEL Model

APN 1013 an tenna  for  the parabol ic  r e fl ec to r  AEL model

ALN 12’B.

Th e model APN 1O 1B is a pyramida l  log per iodic  feed

antenna with a frequency operating ran~.io 1 to 11 GH~ . At

4 GHz , its 3 db beamwidth for the E plane is 58° and fo r

the H p lane is i~l’ . It has S. ’ db ga in for a linear iso-

tropic source at 4 0Hz .  The VSWR a t  4 0Hz f requency  s ignal

i_ s 1.9 referenced to 50 ~ impedance . The antenna receives

the C-ba nd and L-band s igna ls  s imu l t aneous l y and they are

separated by a dem u l t i p lex e r .  C-band s L S V~nals  then go into

the C-band receiver and L-band signals the L-band receiver.

The pa rabol ic  r e f l ec to r  ALN l22B has an effective diameter

5 ft.

V 2 .2 Demult ip l exe r

The primary func tion of the demultiplexer is to separate

the L-band and the C-band signals coming from the feed antenna .

The schematic of this demulti plexer is shown in Fig . 5.

The input frequency in C-band is 3945.5 MHz , L-band

1541.5 MHz. The table of wavelength , half-wavelength , quarter

wavelength is shown below :

f \V ,/ 2  4

L—band 1541.5 MHz 19.4481 cm 9. 24~~ cm 4.862)25 cm

C—band 3945.5 ~-!Uz ~.5 9834 cm ~~~9~~17 cm ..S~~95S5 cm

- —-  ——-— -~~~.
.
~~~— — V— -— * — V .- 

— 
1. ~- - - - 

—
~~~_ :~~ ~~~~~~~~~~~~~~~~~ - 

~~~~~~ V -~~~~~~~ 
—. 
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Because of the waveleng th difference , it is possible to

create the transmission line dimensions which correspond

to either open or short circuit condi_tions as desired.

Referring to Fia . S at point A looking in  direc tion 1, we

need an open circuit at C-band , which can be obtained if

there is an equivalent short circuit at B for C-band . This

is achieved by a shorted \c/2 at B looking in the direction

1. But for L-band the shorted \ c V ’2 corresponds to a shorted

0.19535 \L , which presents an input impedance of 31. This

input  impedance can be eas i ly  computed . From microwave tran s-

-
~~ miss ion line theory , we have

= j 50 tan(0.1953~~3S0°)

= j  1 3 9 .84 2 /

at L-band assumin..i loss-less cond ition. If we connect in

parallel at B2 an impedance -
~~ 

1 3 9 .84 2 /  at L-band , then as

H far as L—band is concerned , the parallel combination Bi and

B2 will give infinite impedance since they are in parallel

and in resonance. To achieve this required parallel imped-

ance by a shorted line requires a phase shift lockin~z in the

direction 2 at B of lS0°—70 .325~~° = l 0 9 . 6 74 S~ or a leng th of

l09.6’4 3°
360~ 

= 0.3046501 = 5.92488 ~~~

At point A looking in direction 2 , the same reasoning

will apply except L and C are interchanged .

At Cl = 1 50 tan~ l.2’976~ 360~~

— ‘ 264.275’ at C-band 

-~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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I
Hence the required length C2 is

(180°-lOO .7135°) k = 1.67346 cm
H 360° C

This demultiplexer network was actually built with two

halves made of brass. In each half , hollows of cylindrical

shape to match the UG-25 A,’U connector were made according

to our design shown in Fig . 5. Trimmer screws were installed

to maximize isolation and minimize insertion loss. The

measurements on the demultiplexer network were made and the

results are shown below .

Table 1. The measurements on the demultiplexer network.

C band L band S

Insertion loss (db) 0.2 0.45

Isolation (db) 29.5 23.5

VSWR with matched load 1.7 1.75

VSWR with antenna and cable 1.9 3.5

The mismatch as shown between antenna and the demulti-

plexer is subsequently further trimmed off by inserting a

sliding double stub tuner to minimize signal loss.

2.3 The frontend of the C-band receiver

The frontend of C-band receiver is contained inside a
I.

sealed metal box to shield from possible external noise

V 
sources. The block diagram has been shown in F i g .  3. The

RE’ input comes from MARISAT-l satellite at a frequency of

~ 

~~~~~~~~~~~~~~~~ 
. .~~~ A - ~~~~ ~~~~~~~~~~~~~~~~~~~ k . .  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ..~:
1z ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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3945.5 MHz that has been demultiplexed by the demultiplexer .

After feeding through the RE’ preamolifier and the filter , it

is then mixed with the 3850 MHz signal at 7 dbm power level

which is phase locked to the 116 2/3 MHz reference input.

The 116 2/3 MHz reference input is app lied and mul tip lied

by a factor of 33 to 3850 MHz. The difference frequency

95.5 MHz is obtained from the output of the double-balanced

mixer. The 95.5 MHz IF output goes to the RE’ input of the

backend through the cable.

Note that  the frontend box is located under the antenna .

As we know , the typical temperature on the equator in the

summer is very high . So it is necessary to test the re l iab i l i ty

of the frontend of the C-band receiver under a high—temperature

environment that the frontend box will eventually be exposed

to. The testing was done using a heat blower and it had

shown very dependable performance up to a temperature of 50°C.

2 . 4  3850 MHz phase locked oscillator

The reference oscillator manufactured by Frequency-West

is shown in Fig. 6.

The reference input frequency is 116.666 MHz.  Af ter

being multiplied by 33 , it becomes 3850 MHz. The input of

this phase locked oscillator comes from TP7 shown in Fi g. 3.

At TP7 the power level is 4 dbm . Because it is transmitted

v ia a long cable , the power level will be attenuated to S

approximately 1 dbm when it reaches the oscillator . The

power supply voltage of this oscillator is -2 0V+ l .5% , so a

-20V power supply will  be needed . This oscil lator wi l l  output

V V_ _V 

- V V~~
.5
~ 

~~~~~ 
~~~~~ V~~ • 
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10 dbm R . F .  power. I t ’ s bu f f e red by a 3 db a t tenuator bef or e

feeding it to the mixer .  V

On the uni t  there are two pins connected together which

constantly monitors the oscillator to see if it is in phase

lock with the reference. If this is the case , the voltage

between the phase lock monitor and the ground should be about

-7.6V dc and 0 V ac. It means that the lock is maintained be— -
V

cause in the process of looking for lock , the VCO control

voltage is swept. If unlocked , a l8V p—p ac appears between

the phase lock monitor and the ground . The reference oscilla- -:

tor dc monitors the input reference signal level and should

be normally at + 2 .5 3 V  dc.

2 . 5  RI P reamp

The solid state RI low noise ampl i f i e r  is manufactured

by Amplica . The input  at 3945 MHz wil l  result in 45 db m m 
V

+ 0 . 3  db gain af ter  it is passed throug h thi s p reampl i f i e r .

The noise f igure  is 1.8 db max wi th in  the frequency band .

The RI preamp l i f i er is the on ly ampl i f i e r  that  ampl i f ies

the signa l received from the antenna by the frontend of the

C-band receiver. The input and outpu t both have 50 ohm

impedance with VSWR 1.5 max .

2.6 Bandpass filter 
V

The purpose of the bandpass filter manufactured by

CIRQTEL is to suppress the 3 7 5 4 . 5  MHz image band . There

are two possible bands of frequencies of RI si gnal s which

can be mixed with the 3850 MHz LO to produce a 9 5 . 5  MHz IF:

_ _ _  _ _ _ _ _  _ _ _ _  V~~~~~~~~~ S V V~~~
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3 .  A Detailed Descr ipt ion of the Backend

Th e block diagram of the backend of the C-band receiver

is shown in Fig. 3. The input  to the back-end comes from

mixer  M2040  which mixes the antenna s igna l  (3945.5 MHz ) and

3850 MHz reference . So the frequency of the inpu t signal  is

95.5 MHz. Amplified by the 1st IF amplifier , the input signal

mixes with the 116 2/3 MHz reference and produces a 21.1667

MHz mixed signal. Through the driver and the 31 db attenuator ,

the output goes to Model B receiver .

Most components of back-end are on the chasis except

that the DC power supplier is beneath the chasis and the

31 db attenautor is mounted on the panel. Some switches ,

current meter , BNC connectors , fuses and LED warning light

are also on the oanel. In Brazil , the backend of the C-band

receiver will be set into an air-conditioned room , so it is

not necessary to worry about the operating temperature like

the frontend .

We will describe the back-end in detai l  in the fo l lowing .

3.1 10 MHz Crystal Oscillator

The HP Model 10544A 10 MHz crystal oscillator is extreme ly

stable. The stability (~~f / f )  is i0~~~
1 in one second average .

Its aging rate is better than 5xl0~~~
0, day. This rate cart be

expected to gradually decrease and typically will reach 1.0~.lO
10

within one year . The coarse tuning permits periodic adiustment

back to 10 MHz. The adjustment range is adequate to cover in

excess of 10 years at the typical aging rate. The unit is de-

signed to operate into a 1000 ohm load. After power on , it

- — - ~~~~~~~~~~~~~~
- - — L~- - ~~~~ -~~~ ~~~~~~~~~~V  ~~~~~~~~~ i~~~~~. —~~~~~~~~~ -~~~~~ ~~~~~~~~~
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wi l l  take 24 hours to s tabi l ize  the output frequency . The

temperature of the osci l lator  oven is maintained by varying

the duty-cycle of the oven input current  through a control

transistor .  The output signal at pin 11 on the un i t  indicates

the temperature condition of the oscil lator oven . The si gnal

voltage level depend s on the value of oven supply voltage at

pin 14 and 15. The schematic of the 10 MHz crystal  oscil lator

is shown in Fig. 8. Duty cycle of the signal at pi n 11 de-

pends on the oven temperature; long duty cycle at turn on

and short duty cycle at operating temperature . The corres-

ponding dc voltage monitored with a high impedance voltmeter

is maximum when oven is cold (at  turn-on)  and minimum when

oven is at operating temperature .

3.2 50 MHz PLL (Phase locked loop)

The schematic of the 50 MHz PLL circuit is shown in

Fig. 9. At first , we will illustrate the theory of phase—

locked loop simply and will then go into 50 MHz PLL circuit

analysis .

Block Diagram of a Phase-Locked Loop is shown in Fig. 10.

If an input signal is applied to the system , the phase corn-

parator compares the phase of the input signal with the VCO

phase and generates an error voltage , Ve(t) , that is related

to the phase .difference between the two s igna l s .  This error

voltage is then filtered and applied to the control terminal

of the VCO . If the input  frequency , f 5, is s u f f i c i e n t l y

close to f0, that is within the capture range , the feedback

nature of the PLL causes the VCO to synchronize or to lock
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Figure 8. Block diagram of 10 MHz crystal oscillator .
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onto the incoming signal. Once in lock , the VCO frequency

is identical to the input signal , except for a constant phase

difference.

In the following the 50 MHz PLL circuit will be analyzed

part by part.

Oscillator:

The schematic of oscillator circuit is shown in Fig . 11.

It works as a voltage-controlled oscillator (VCO) in block

diagram of a phase—locked ioop.

At first , we look at the MV 1628 varactor which func-

tions as a variable capacito r depending on the applied voltage.

The formula for the junction capacitance is

C

.1
‘
~~~

= j unc t ion  capacitance *

C~~ = zero biased junction capacitance

PB j unction potent ial

M = grading coefficient

= junction voltage (positive for the forward bias

and negative for reverse bias)

Because the MV 1628 varactor is always reverse -biased ,

is negative. When V~ decreases (more negative l C~ will.

decrease and oscillating frequency fo increases. Inversely

if  V3 increases then C3 increases and f 0 decreases. The

loop reactance decides the oscillating frequency .

The VCO con trol signal Vd (t) coming from phase compara-

S tor MC 4044 changes the reverse voltaoe of the MV lt’.~ varactor.
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This is just a negative feed-back system to make f0 locked

to the 10 MHz crystal oscillator . From the data of the

measurement, \dtt ) ranges from 2.30V to 2.80V. 
L

To trim the oscillator frequency f0 to be exactly 50 MHz ,

we can adjust the series variable capacitor ranging from

5.5 pF to 13 pF.

50 MHz amplifier:

As shown in Fig . 12 ., the transistor 2N5l79 is used to

amplify the 50 MHz oscillator signal. Now the analog signal

will, be converted to TTL level by an RC circuit and TTL in-

verters (74S04) . The drain current ‘OL multi p lied by 2k

elevates the DC signal level by IOL\2k. The reason to do

th is  is to make possible the digital gate to respond to a

weak input signa l .  Using two TTL inverters in tandem sharpens

the waveform of the output TTL si gn a l .  In Fig .  13 , th e analog V

input  and the square wave output  are shown .
- i LComparator:

The schematic of comparator is shown in Fl - a . 14. The 
V

chip MC 4044 compares the phase of the 2.5 MHz reference and

2.5 MHz signal. The 2.5 MHz references comes from HP 10 MHz

crystal oscillator with less than 10 11 deviation. The

10 MHz frequency of the reference is divided by 4 in the

chip SN 7473 and results in a 2.5 MHz reference. The 2.5 MHz

signal is obtained by dividing the 50 MH z oscillator signal V

through the divider scaling 20 that is composed of ~N 4l96

and 7473. When phase comparator MC 4044 detects the phase

difference cfrequency differences between the 2.5 MHz reference

L  _  _  
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and the 2.5 MHz signal , its output voltage is proportional

to the difference. ,

Two 8.2 K resistors and one 100 P capaci tor  form the V

low—pass filter. The 1 M~l resistor which is in parallel. V

wi th  th e input impedance of the FET a m p l i f i e r  prevents the

charge from building up inside the FET. The FET amplifier

works as an emitter follower and provides unit voltage gain.

Th e part  between pin 8 and pin 9 in MC 4404  acts as a current-

to-voltage converter and outputs Vd (t) 
0

Phase lock monitor: V

TPR and TPS a re two testpoir tts  in the PLL . The 2 . 5  MHz

signal appears at TPS and the 2.5 MHz reference at TPR. They

are both taken in inverse phase (
~ ) to isolate the test

probes from the PLL circuit during testing . After buffered

by a series R(470i~) C(0.0l uf) circuit , they mixed with each

other in a balanced mixer (RFA-M-l) which behaves as a phase

detector. The operational amplifier j A 7 4 l  acts as a Schmi t t

t rigger which dr ives  the base of t rans i s tor  TO. Another

inverter in cascade connects the collector of transistor TO

V 
for driving the lock warning LED. I f  locked , collector vol-

tage of TO is high and the drive voltage for LED is low . So

the LED link conducts and is on at lock . If the PLL is

unlocked , then the collector voltage of TO is low which in

turn makes the drive voltaqe for the LED to go high. As a

resul t , the LED is off when PL,L is unlocked . A warning LED

light is installed on the panel. The operator can watch the

~~~~~~ ~VS~~~L V ~~ V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . -
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warninc i~ aht to determine whether the PLL is locked or not.

Th& PLSL circuit  board that is mounted on the chasis of

the C-banc receiver is of the kind of VECTOR D.I.P. Plugboard .

There are three power supplies needed , +1SV and +SV. Because

V the operatinc freauency is very high on the board . We need

0.00lu~ and 10 uf capacitors to bypass the power supplies to

cround to improve circuit stability .

3.3 Frequency doubler and driver

The schematic is shown in Fig . 15. The input comes from

50 ~Hz pnase-locked ioot circuit at 3—dbm power level. Look

at the circuit schematic , 50 MHz signal is coupled in by a

transistor . Two HP2810 diodes generates the harmonics of

50 MHz such as 100 MHz , 150 MHz , 200 MHz . . . in ascending

order because the current-voltage curve is nonlinear for the

diode . When input is at positive cycle , Dl cuts down and

t2 con~ ucts. inversely, input at negative cycle , Dl conducts

and D2 cuts down . So we can get full-wave harmonics. Ampli-

fier . A703 and its interfaces constitute an active filter

cen tere~ at freouencv 100 MHz , which filters out hi gher order

harmcn :c:.. Thc ::~ vcr iS an ampl i f ier  and composed of biased

resis:crs. transis~ cr and collector-coupling transformer. The

output a: 100 MHz has been adjusted to +10 dbm level by con-

trollir~c the ir.:ut of the driver . The 10 dbm output goes to

a powe r ~~vider to oe separated into two equal parts , each
V par t a~ -7 dbrn oower iev~~~.

:~ - -
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~chemat~. c ~s ~nown in Fin. 16. The input comes from

t ’ouon :55~ uo~ or dr i v e r  1 (see Fig .  3) . A f t e r  divided V

O pcw t~~ oividcr. t h ~~
V 100 MH z sional goes to the divider—b y—

six and 3rlvcr 2. T:io other output of the power divider goes

dl!cc tIv ~.c the’ i~-on3 of the mixer. For the schematic shown ,

seif-hiasod irtverters (74S04) are used to supply TTL level.

T~s.’c ~T-1’ :Ii-u’-flo~’ (2N74S112) are wired to func t ion  as a f r e —

~ut:ncv d.ividcr by 3. Another J—k flip—flop of 74H73 follows

3 ~~ r O 3 u e n c v  divider by 2. So the frequency at the output

c~~ this :rc~moncv o.:v.iucr is 16 2 3  MHz now . The L—C in

so~ ies ~~L~~~~~I S V H  C=i00~~~’) maximizes the 16 MHz component. Be-

cajsc th~. :nt~ut sional ot the mixer should be much smaller

tho ~~~~~V to r~ro~’ent intermodulation from occurring , an

~s nocd~- d at the 16 2/3 MHz output. Using one

com~’~~ c~ ~~~~~~F S i f l V S V 1 ’
~ - tvoe at tenuator  of — 2 4  db pad is de—

S l 3 f l C 3  35 ~~~ - 3 ( s ls~ nid R~5=56~5. The I E 2/3 MHz output  goes to

tho :‘~~~~x L ’ . A t t C :V  ~c~ n~i mixe d , the sum and d i f f e r e n c e  of two

.‘:~~ut ~~ t C V ~~U C n C I e S  w~ 1i be cenerated . Bandpass filter is

to : L i n a t o  no unwanted imaqe band . This is discussed

:~ t n c ~~~~~~
.V -Y t  ~~~ 

5 o:.

~‘ • , ‘ S3 MU : nandoass filter

V 
Tlit 33U010  b3iatlccd mixer mixes the 100 MHz si gnal.  w i t h

the 1~ 2 3 MU : ~ ; 1 V V~~ :1~~~~~ . Atter mixinc there would be two side-

bands.  ~~ i~ ‘ .3 Mb: . another 63 1~~3 MHz. Since only

th~ i V - MU: s ~~~~ ~s ~iesirc~ the 83 1/3 MHz signal in

— 5 V • 5 ~~~ S •~~~~~‘~‘ 

-~~~ 
~~~ V~~ * 
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reality adds noise to the system and reduces the signal-to-

noise ratio. Therefore , a bandpass filter must be used to

filter out this image band . The amplitude response of this

filter manufactured by CIRQTEL is shown in Fig. 1~’.

Its central frequency is f0x1l 7 MHz with a bandwidth

(frequency width between two 3 db poin t)  of l~ M H z .  Con-

nector is of BNC M/F type.

3.6 Amplif iers

There are three a m p l i f i e r s  used in the backend of the

C-band receiver. Because the frequencies used are in the

UHF range , each am p l i f i e r  is contained in an a l u m i n i u m  box

in order to minimize radiation interference.

The first one is an RF a m p l i f i e r  t Ay din Vector M1ifl-1~~5~

MHD 175 modular amplifier consists ot multiple stages ot

amplifica tion on a single aluminium thick film substrate.

The en t ire assembl y is mounted in ~ h e r m e t i c a l l y  sealed 4 -

pin dual—in-line package . It functions as an ampli fier to

cet +10 dbm output at 116 2/3 MHz frequency . The input

comes from 116 2 3 MHz bandpass filter. The output 3oes to

power divider to supply the reference- in of the frontend of

the C—band receiver and the mixer HP 10514A . The oain in

frequency range 1-250 MHz is 33+1 db and noise figure 5.~ db

. 1 max. The supply voltage is l5V and the rated curremt is
V 

75 mA.

The second one is an IF amplifier (Aydin Vector ~~ -2’ .

The t~A-2 modular amplifier consists of a i~ in~~1e stage

L 
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Figure 17 . Amplitude response curve of 116 2,53 MHz
bandpass filter.
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ampl i f ica t ion  on an aluminium thick f i l m  substrate . The

entire assembly is mounted in a hermetically sealed 4 pin

TO-12 package. Its input is connected to the RF output of
V V the frontend of C-band receiver and output to the R end of

the mixer HP lOSl4A . The gain is 12 db in frequency range

5-400 MHz. Some other specifications are 5.5 db N.F. and

+15V DC at 25mA supply source. The frequency used in this

amplifier is 95.5 MHz.

The third amplifier used is a wideband transistor HF

driver. The circuit is shown in Fig. 18. It inputs from

I-end of the mixer HP 10514A and outputs enough signal to

model B receiver through the 31 db step attenuator. The

gain of this amplifier is 46 db. Some other specifications

are 2.8 db ~F and 15 VDC supply voltage at 3OmA .

~~~~~~ 
V __
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4. Receiver Performance

4.1 The linearity test of C-band & Model B receiver

To test the linearity of the C-band and Model B re-

V ceivers, we feed a 95.5 MHz signal to the input of the C-band

backend and measure the output AGC voltage of the model B

receiver. The power range of the input is from -60 dbm to

-125 dbm . There are two plug-ins available for  the model. B 5

receiver . It shows some minor differences between them and

one of the differences is that the required input range is

not the same . By switching in or out 31 db step a t tenuators ,

we can get the desired input power to the model B receiver.

The AGC output  voltage of the model B receiver should range

from 0.2V to 0.8V to fit the requirement of the multi-channe l

digital data logging system . We would like to enlarge the

• AGC voltage range in the test and look at how they vary with

the input power level. The noise level of the model B AGC is

found to be -0.13V in the absence of any input.

To carry out this  l inear i ty  test , the fo l lowing  several

steps are taken .

(1) Set up the model B receiver and backend of the C-band

receiver. The input of the backend of the C-band re-

ceiver comes from the signal generator. Adjust this HP

signal generator to get 0 dbm output power at first.

Then turn the knob to set the output  power level needed .

We start it from the -125 ~ibm and raise it in 5 dbm steps .

Turn the frequency control to the desired frequency . Then

adjust fine—tuning frequency control to find the exact

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _ _ _
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frequency following the procedures described in step 3.

(2) Connect the outDut of the backend of the C-band re-

ceiver to the BNC connector on the front panel of the

plug-in unit of model B receiver. This input is matched

at 50 ohms. Plug the input of the earphone to the jack

marked “PHONES” on the front panel of the model B re-

ceiver. In order to measure the AGC output voltage , we

connect a digital voltage meter with the AGC output on

the panel of model B receiver. Then apply the voltages

to model B receiver (C-band receiver has been energized).

Note that the required dc voltages to model B receiver 
V

are —12 .4V and +8.4V and reversed voltage polarities

will cause permanent damage to the receiver.

(3) In order to establish the tone output, the “BFO” mus t

be turned on. The EFO switch applies power to the BFO.

The audio gain control is ganged to a SPST switch. When

the audio gain control is rotated clockwise, the audio

amplifier is turned on and the signal may be heard

through earphone. The BFO PITCH control varies the

frequency of the BFO and changes the pitch of the beat

note. The PITCH control is set so that a “zero beat”

V or zero frequency beat note will occur when the AGC out-

put voltage is at its peak while trimming the input fre-

quency . After this adjustment , don ’t touch the PITCH

knob again. The PITCH control is now fixed . Because

- 
V 

the signal generator has some frequency drift, when you

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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change the inp ut power level each time , adjust the fine

frequency-tuning control back and forth to get back to

the exact frequency by searching for a zero beat. Look V

at the voltage shown on the digital voltage meter and

record it.

(4) Repeat steps (1) and (31 for each input power level from

-125 to -60 dbm in 5 dbm steps. Draw the volt,’power

curve relating the AGC voltage with input power. In

the midband of the curve , it’s found to be linear. For

the two plug-ins for the model B receiver , the data are

listed below and the AGC output vs. 95.5 MH z input power

in dbm curves are shown in Fig. 19 and Fig . 20. t

should be mentioned these measurements were made with

the 31 db attenuation shown in Fig. 3 all in.

Table 2.  L inear i ty  Test of the Backend of the C Band Receiver

Input of the Backend Model B AGC Cutout ~V)
(dbm ) ~1 

— ______________________

—125 — 0.206 —0.14

-120 -0.2~~9 -0.185

V -115 -0.391 -0. 2 6 4

—110 —0.496 —0 .369

-105 -0.615 -0.501

—100 —0. 733 —0.639

—95 —0.865 —0. 70

—90 —0 .984 —0 .’~04

—85 —1 .078 —1.0 20 
V

—80 — 1.134 —1 .098

—75 —1.154

—70 —1 .182 

V
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AGC Voltage (Volt)
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Figure 19. Linearity test for C-band (backend) and model B
receiver (plug-in *1)

~~V V  V •V 

V

~‘5 ~~~~~~ 
V V 5 VV 5~~~~~~

~~~~~~~ •SS~~V V 
~~~~~ _V~_~ V~ ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ VI 55 V5 . IVS~~~~~1_555S~ V~~~ •V~~ V55 ~~~~~~~~~~~~~~~~~~~~~~~~~~ - V~ V V V V_~ 5~~~~~~~~~~. 5 5 5 ~~ ~s~~~~ 5L — V ~~~~~~~~~~



5-5- V

43
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Figure 20. Linearity test for C-band (backend ) and model B
receiver (plug-in ~2)
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V 4.2 Gain and siqnal-to—r&oise ratio in the C-band and L—band
systems

Since the antenna , the parabolic reflector and the demul- S

tiplexer are used for both C-band and L-band systems , we

analyze them toqether . The gain and noise figure come from

the specifications or experimental data for each block. In

both cases for C-band and L-band , the input of model B re-

ceiver requires -50 dbm . In order to get enough power at

the input of model B receiver , the gain of the whole system

including the antenna , preamplifier , IF amplifiers and mixer

must be considered . Because MARISAT-I satellite provides

worldwide satellite communications to commercial shippin~ , 
V

the power transmitted by the satellite varies from 8 dbW to

17 dbW at L5-band even though the C—band power is kept constant

at 8 dbw . Therefore it would be reasonable to have more (lain

in the L-band receiver system with sufficient adjustable

attenuation to maintain a constant proper operating level.

This operating level has been determined by system calibra- -:

tion. The input  levels to model B receivers will range from H

-23.5 dbm to -32.5 dbm for the L-band and -45.1 dbm for the

C-band . So they can be adjusted to -50 dbm .

For the C-band system , the mechanism of adjustment is

the 31 db step sttenuato r which has been mentioned before .

But how do we know the transmitted power level now? The

output of the model. B receiver is connected to a multi-

channe l d ig i t a l  da ta  loosiincs system w i t h  the voitage range

from 0.2V to 0.BV. By connecting the output of model ~ ~~~~~~~~

ceiver ~A~C vol taoe) in parallel with the current meter

_ _ _ _ _  - 
V V~~~~~~~~ 5~~~~~~~~~~-
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installed on the panel of the backend of C-band receiver ,

the operator is then able to detect any deviations from

the proper 0.2-0.8V operating range . If such deviation

occurs , the operator is instructed to switch in or out the

31 db step attenuator to obtain the desired operating point.

Another point for us to consider is the signal-to-noise

ratio of the system . The image sideband as a source of noise 
V

has been eliminated by a bandpass filter . Now , we must also

V consider sky noise , cable noise and preamplifier noise and

compute the total noise power present at the input of the

preamplifier. This is done separately for L-band and C—band

in the following .

(1) L-band system

The noise f igure  of preamplifier is 2.5 db , wh ich cor-

responds to a noise temperature of 256°k. The ~~tal

noise temperature at input of preamplifier is equal to

606°k composed of sky noise 300°k , cable noise 50°k and

preamplifier noise 256°k. We have the fo l l owing  formula

concerned with  the noise power.

= kTB

where

is the noise power , T the noise temperature , k the

Boltzmanns constant and B the bandwidth of the receiving

system. For a 4 kHz bandwidth the expected noise power

at inpu t of preamplifier is computed to be 3.345\10 17

watts or —164.7 dbW .
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We will compute the signal and the signal-to-noise ratio

at input of preamplifier in the fo llowing way :

effective power radiated at the satellite 8dbw to l7dbw

propagation attenuation -188db

antenna gain + 24db

cable loss - 0.5db

Signal at input of preamp -l56.Sdbw to -147.5dbw

Signal-to—noise ratio 8.2db to 17.2db

To calculate the power available to model B rece iver ,

we proceed as below : V

Effective satellite radiated power + 8dbw to +l7dbw

propagation at tenuat ion -188db

antenna gain + 24db

cable loss - 0.5db

pre—amp gain + 38db

1st mixer - 10db

1st IF gain + 30db

2nd mixer 10db

2nd IF gain 4 46db

power available to model-B receiver -62.Sdbw to -53.Sdbw

The power available to model B will  range from -53 .5dbw

(or -23.Sdbw) to -62.Sdbw (or -32.5dbm) and Model B receiver

needs -50dbm as its operating point. So it is more than ade-

quate.
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(2) C-band system

The preamplifier noise temperature is 149°k which is

equivalent to a noise figure of 1.8db . The total noise

temperature at input of preamplifier equals to 449°k

composed of sky noise 250°k, cable noise 50°k and pre-

amplifier noise l49°k. Using the formula in the previous

section , we get the noise power at input of preamplifier

2.478~ 10~~~ watts or —166 dbW .

In the fol lowing are computed the signal and the s ignal-

to—noise ratio at the input of the preamplifier.

effective power radiated at the satellite +Sdbw

propagation attenuation -196db

antenna gain + 29db

cable loss - 0 . 9 d b  
V

V - 

Signal at input of preamplifier -l59.9dbW

Signal-to—noise ratio 6.1db V

The power available to the model B receiver is computed

in the following way .

effective satellite radiated power 8dbw

propagation attenuation -196db

antenna gain 29db

cable loss - 0.9db

RF pre-amp gain + 45db

Filter attenuation - 2db

1st Mixer loss - 6.2db

1st IF gain + 12db

2nd mixer loss - 10db 
V

2nd IF gain 46db

power available to model B receiver - 75.ldbw

- -
——V.— SV 

VS 5- 
~~~~_~~~~~~~ 

~~~~~~~~~~ —~- —~- V~~~~~ — _-555VS 55V — S~ — — ~.Ili? ~~ -~~ ——.-—~-—



V 

48

At the input of the backend of C-band receiver , (i.e.

immediately after the first mixer in Fig. 3) the expected

power is -93.1 dbm at 95.5 MHz. Referring to Figs. 19 and

20, this power level is near the desirable linear operating

point.

I,
L
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5. Conclusion

t 
- 

Equatorial ionosphere is known to possess one of the

most intense ionospheric irregularities in nature. These V

irregularities can scatter radio waves and result in the

scintillation phenomenon. For purpose of observing these

scintillations we have established a cooperative program

with Universidade Federal do Rio Grande do Norte, Natal ,

Brazil where the field station is located . Under this pro-

gram the UHF , the C-band and the L-band receiver systems -
‘

were designed , built , laboratory tested and fianlly set up

as a part of an overall scintillation receiving station to

carry out several types of experiments. Both the UHF and the

L-band receivers have been established and worked according

to design expectations. Currently, both receivers produce

data . However , the C band receiver is encountering some

difficulties in the field even though it was put under power

and checked frequently for a duration of over three months

in the laboratory .

According to the calculation for L-band receiver in

this thesis, the expected signal-to—noise ratio is about

8.2 db-l7.2 db depending on the signal traffic at the
V 

satellite . From analyzing the data recorded in the field

station, we deduced the signal-to-noise ratio to be 11 db.

It is within the range specified in our theoretical calcula-

tion.

For the C-band system , the expected signal-to-noise

ratio is only about 6.1 db maximum and this may prove to be

~~~~~~~~~ V V V V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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too low for adequate measurements. The antenna used in the

system is a 6-foot diameter paraboloid . If a larger para-

boloid could be used , the signal-to-noise ratio will improve.

For example , if we enlarge the dish using a 12-foot diameter

paraboloid , the signal-to-noise ratio will be increased by

6 db. This points to the need for a larger antenna. With a

larger collecting area , the signal-to-noise ratio for the

L-band receiver will also improve. 
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Appendix 1 
V

V Test Points and Check of Phase Lock

Power level detector and test points

A power level detector is designed to measure the approxi-

mate output power level at various test points. The schematic

of the detector is shown in Fig. 21. 
V

V To measure the power, connect point 1 to a dc current V

meter . Point 2 and point 3 represent a feed-through connec-

tion and are to be used within a 50 ohms transmission system.

For the lN270 diode, the diode current and applied voltage

can be approximated by a square law relation

I~~~V
2

The power P is proportional to V~/R. Thus, the dc current

measured between point 1 and the ground will be proportional V i

to the power available on that test point . The set-up for

the power level detector is shown in Fig . 22.

There are seven test points labeled TP1 through TP7 in

the backend of the C-band receiver. Connect the power level

detector to the test point with a 50 ohms termination at

point 3. We use a Simpson meter to measure the dc current

flowing through point 1 and the ground . To calibrate the

power level detector , connect the test probe of the oscillo- V

V 
scope to the 

V
test point. We can measure the peak-to-peak

voltage at the test point. Because the impedance of the BNC

adapter is 50 ohm, the available power can be represented by

the formula

-
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Figure 21. Power level detector.
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Figure 22. Setup of power level detector .
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Measurements have been made on the test po ints labeled

TP1 through TP7. The data that resulted is shown in Table 3

below. Since at d i f f e r en t  TP ’ s the frequencies are all dif-

ferent, we can not expect the uniform frequency response.

Also , the output impedance at these points are slightly 
V

different from one another. Thus available power is not

strictly in linear relation with the current detected .

Table 3. The measurements on the test points

I (mA ) Vpp (V) Vpp’ (V’)

TP1 0.37 1.5 (TTL LEVEL)

TP2 0.13 2 4

TP3 0.12 2 4

V 
TP4 0.0026 0.2 0.04

TPS 0.18 2.6 6.76

TP6 0.11 1.8 3.24

TP7 0.05 1 1

After checking 10 MHz crystal oscillator and 50 MHz PLL,

one may examine the testpoints one by one to ascertain that

all components are working correctly. The currents measured

by the power level detector on testpoints have been shown on

Table 3.
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50 MH z PLL

The 50 MHz PLL uses a LED monitoring light to indicate

whether the 50 MHz PLL is in-lock at any moment. When it is

locked in, the low potential produced by the output of the

sensing circuit (which is the same as the base of TO) causes

the collector of TO to go high . The inverter will then pre—

sent a low potential to the cathode of LED , forcing it to

conduct. Thus the monitoring light will be on when the PLL

V 
circuit in in-lock. It goes off immediately upon the unlocking

of the PLL circuit.

TPR on the PLL circuit board indicates the 2.5 MHz r
reference input to the phase detector from the 10 MHz crystal

LV
reference oscillator. TPS on the PLL circuit board is the

test point that indicates the 2.5 MHz signal derived from the

VCO signal . When locked-in, waveforms at these TP’s will

be synchronized . There is a lock adjustment screw connected

to a variable capacitor on the PLL circuit board. By turning

the screw , the VCO frequency can be adjusted to within the

capture range of the PLL , thus causing initial lock-up .

3850 MHz phase—locked oscillator

There is only one way to check whether the 3850 MHz
V 

phase-locked oscillator has been locked in. When in lock

the voltage of the phase lock monitor to the ground should V

be approximately -7.6V dc and OV ac. If unlocked , l8Vp-p

will appear between the phase-lock monitor and the ground .

The reference oscillator DC monitor indicates the level of

the input reference signal (116 2 -3 MHz) which is  normally

at 2.53V. To simulate actual operating condition in eouatoriai

VV V~~~~~
V V

~~~~~~~~V V~~~~~ V V - 
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- 
environment, the frontend of the C-band receiver has been

S exposed to hot air flow from a 350W hair blower. After half V

hour of hea ting, the receiver had shown no signs of instability

or deviations from its intended operations .
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Appendix 2

31db Attenuator in 1db Steps

The 31db attenuator is constructed by cascading 5 resis-

tive it-network attenuator . These networks are weighted in a

binary fashion such that any attenuation between 0db and 31db

can be selected by switches. Fig. 23 shows the schematic of

the 31db attenuator. The components for the resistive it—network

V 
are specified completely by its characteristic impedance z0 and

its attenuation G. It has the configuration shown in Fig. 24.

For each it—section we demand the voltages and currents to

satisfy

yin = Ijnzin

V0 = 10Z0

If Z0=Z~~ =5OQ as the condition in C—band receiv’~r , the resistors

R5 and R~ must have values to satisfy

R~
2 (l_G)_l00 GRp 2500 (1+G) = 0 (1)

R — 5000 R~ ( V ~~
)— 

R~~ —2500

The computation for the values of these components can

be easily carried out with a simple program in a programmable

calculation such as the HP9825A.

The computed values of the resistor generally do not

match those of the standard resistors . Therefore , small

modifications of the values are required as long as the

modified values will produce results within about 5% .
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Figure 24. Configuration of the resistive n-network .
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The five attenuators designed in this way are shown in

Table 4. V -

Table 4. Design of 31db step attenuator. V I

1db 2db 3db 4db 5db
Attenuator Attenuator Attenuator Attenuator Attenuator

5 .60  12 24 51 150

820 423 220 110 68

Input z
(
~~

) 49.54 50.17 50.02 48.07 49.27

Attenua- :4
tion (db) 0.98 2.06 4.02 7.90 15.86

In order to test this 31db attenuator a 6OmV peak—to— V

peak sinusoidal signal was applied to the input of the 31db

attenuator. With all of the attenuators switched in , we can

measure the voltage at the output of each attenuator and get

the following data .

Attenuators switched in V0 (peak to peak)

1db 54 my

1db & 2db 42 mV

1db , 2db & 4db 27 my

1db , 2db , 4db & 8db 11 my

1db , 2db , 4db , 8db & 16db 2 my

Calculating the attenuation at the output of each atten-

uator , we get the results shown as follows .
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1db = 20 log = 0.915 error = -0.085db
54

3db = 20 log 3.098 error = +0.098db
42 -

7db = 20 log = 6.936 error = -0.064db

15db = 20 log = 14.735 error — -0.265db
11

31db = 20 log = 29.542 error = —1.458db

The results seem good enough to be satisfied .
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ABSTRACT

A data analysis scheme for studying the scintillation

of transionospheric radio signals near the equator is dis-

cussed in this thesis. This thesis describes a digital system

which takes the decoded scintillation data and uses a Hewlett-

Packard 9825A desk calculator to selectively sample and store

the data on a small tape cartridge. The H.P.9825A is then

used to analyze the data. Data analysis consists of error

correcting schemes as well as computation of data autocorre—

lation , crosscorrelation , power spectrum and S
4 
index. Several

pieces of data are chosen and analyzed .
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1. INTRODUCTION

V 
Fluctuations in the amplitude and phase of radio wave

signals are a result of transmission through the perturbed

ionosphere. Slow variations are caused by changes in the

ionospheric total electron content. Relatively fast random V

fluctuations in the received signals ’ amplitude and phase 
V

are produced by ionospheric irregularities. Studies of the

V ionosphere ’s effect on communication signals are used in

modeling satellite communication channels and in investigating

physical characteristics of the ionosphere .

For the purpose of studying these fluctuations experi-

mentally, analog transmissions from a radio beacon satellite

are received at Natal , Brazil  and are digiti zed and stored on

a reel-to-reel type magnetic tape in a di-phase encoded form.
V A complete description of the digital system can be found in

a report (Yang and Hearn , 1977). This thesis describes a

digital system which takes the decoded scintillation data

and uses a Hewlett-Packard 9825A desk calculator to selec—
V tively sample and store the data on a small tape cartridge.

The HP9825A is used to analyze the data. Data analysis

consists of data dropout error correcting schemes as well

as computation of data autocorrelation, cross correlation

power spectrum and S4 index. Several pieces of data will

be chosen and then analyzed .

V 
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2. HISTORY

2.1 Experiment Design

This thesis is concerned with a data analysis scheme

for studying the scintillation of transionospheric radio

signals near the equator. The geostationary satellite Man -

sat 1 which is located at l5.4°W longitude transmits right

circularly polarized signals at 257.55 MHz, 1541.5 MHz, and

V 
a number of other frequencies. In June of 1977 a receiving

system was set up on the campus of Universidade Federal do

Rio Grande do Norte in Natal , Brazil. From this location

the elevation angle of Marisat 1 is 66° and its azimuth angle

is 740 east of north. The receiving system at Natal uses a

6-foot parabolic reflector antenna with a conical helix feed

to receive the 1541.5 MHz L band signal and a helical antenna

to receive the 257.55 MHz UHF signal. The system signal-to-

noise ratio is 11 db at L band and 23 db at UHF band .
V 

In addition to the University of Illinois receiving

system, the Air Force has a 30—foot reflector antenna which

is positioned 278 meters east of where our equipment is lo-

cated . The 30-foot reflector has 16.5 db more gain than does

the 6-foot reflector at L band and consequently the signal—

to—noise ratio of the Air Force system is as high as 27.5 db.

At the UHF band the Air Force system signal-to-noise ratio is

about 27 db.

I

V 

2.2 Data Logging System

The signal from each of the receiving systems is multi-

plexed onto a single line by a data logging system . This 

- -



trte input rererence slgnei. ~~ L V i Q ~ ~-~ri-; .~~~~~~..
at 2.53V. To simulate actual operating condition in equatorial

_ _ _ _ _ _ _ _ _  - ~~~~~~~~~~~~~~~~~~~~~ V V V  V V 
~~~~~~~ 

~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~ 

V _ _ _ _

3

single line is digitized to give a 3 digit BCD data word . 
V

A single BCD digit channel identification and a two BCD digit

frame count for timing purposes are added to the data word .

This 6 BCD digit word has 24 bits of useful information per

sample. Because of the multiplexing process each frame will

consist of one data block for each receiving channel and will

represent one sample point. In addition , 2 digits are hard- V

wired into the format to be used as a flag to mark the end S

of a data block. Thus, the 32 bit data block has the following

format

r
800 400 200 100 80 40 20 1 0 8 4 2 1  8 4 2 1

DATA CH.ID
• ~~32 bits

80 40 20 1 0 8 4 2 1  80 40 20 1 0 8 4 2 1  -

FRAME COUNT BLOCK END MARK

These 32 bits are shifted serially out of a sh i f t  register

to provide a single channel of serial data. This channel is

di-phase encoded . Only a single channel is required to rep-

resent both the data and the timing clock pulses. This audio

signal is recorded on a single track of magnetic tape . The

tape is then shipped to the University of Illinois for de—

coding and analysis.

When the tape is received at Illinois it will first be

decoded . The playback from an AKA I 4400 audio tape deck is

fed into a previously built decoder device. The decoder first

L ~~~~~~~~~~~~~~~~~~~~~~~~ S _ _ _ _ _ _



~~~~~~~~~~~~
—  —-

—
~~~~ 

•SV_ •~~~~VV V V•V_ 
~~~~~VV V~~~~~i~~~~~~~~~~~~ V ~~~~~ •~~~~~~~~

V 4

reshapes and sharpens the di-phase encoded bit stream . An

V 
edge detector with decoder logics converts the di-phase en-

coded data back into its original bit form . The data is

next shifted into a 32 bit shift register. When the flag

which marks the end of the data block is detected , 24 of the

bits are strobed into a parallel latch. The data will re-

main frozen at the output of the latch circuit until the

next end mark flag is detected . In the meantime , the input

data stream is fed continuously into the shift register.

Outputs from the latches are available as useful data .

The decoder uses a digital led device to display the con-

tents of the latches for any channel that the user may select.

The display consists of

3 digits -- data
1 digit -- channel ID.
2 digits -- frame count.

II
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3. HARDWARE INTERFACE

L A digital circuit has been designed and built that will

act as an interface between the 11P9825A desk calculator and

the previously described decoder . This circuit accepts the

decoded BCD data as input and then under program control,

outputs the data in binary form to the HP9825A . The circuit

allows the operator to choose the channel that will be

analyzed and the rate at which the binary data will be

sampled . This digital interface is described in the re-

mainder of this section .

Useful BCD data is available at the output of three

SN74100 eight—bit bistable latches that are found in the

decoder. (I  have previously explained how the di-phase en-

V coded data is decoded and then transferred to the latches.)

These latches are shown in Figure 3.1 and are labeled as

V 
being Ml7 , M18, and M19. The output of integrated circuit

Ml7 represents the changing frame count . The output of inte-

grated circuit M18 contains the channel number that the data

represents. The data which describes the amplitude of the

received satellite signal is found on integrated circuit

chips Ml8 and Ml9 . The output of these three chips is wired

into the hardware interface. Since the Hewlett-Packard cal-

culator most efficiently handles binary input data, the digi-

tal interface converts the BCD data to a binary form.

We now have 24 lines of useful binary information. The

calculator is not capable of accepting 24 lines of input so

V the irtforma~ ion is broken up into 2 sets containing 12 lines

_ _  _ _  - V V •V  
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each. Three SN74157 chips are used to switch between the

two data sets in a way that allows the calculator to read

first the amplitude data and then upon stimulus from the

interface , read the channel and frame count data. Success

of this data transfer scheme depends entirely on the calcu-

lator reading the 12 output lines at precisely the right

moment.

The circuit in Figure 3.2 shows how the READ STROBE

V 
signal is generated . This signal is sent to the H.P. cal-

culator and controls when all data transfer operations take

V place. The first part of the circuit is the SAMPLE RATE

CONTROL . The user selects the rate that will be used when

sampling the digital data stream. The five possible choices

are 1, 2, 4, 10 and 20 Hz. The data was originally sampled

at a 20 Hz rate. If in the data analysis the user wishes

to ana lyze every possible point he would re-sample the data

at a 20 Hz rate. If longer data lengths were desired every

other point could be sampled (10 Hz rate) or every twentieth

data point could be sampled (1 Hz rate). For example , assume

that the user wants to sample the data at a 2 Hz rate . Every

tenth data point will be recorded . To guard against the pos-

sibility of having a data point drop out and then consequently

sampling future points at the wrong time , the frame count is

decoded and only those points that have an associated frame

V 
count of 5, 15, 25, - . .,  or 95 will be sampled . Thus the

_ _ _ _ _  V
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sampling technique is immune from some errors caused by data

dropouts. The output of the SAMPLE RATE CONTROL is a 1 when-

ever data should be sampled and a 0 otherwise.

The output of the SAMPLE RATE CONTROL is ANDED with the

CHANNEL CONTROL SIGNAL. The user selects the channel of the

data that he wants to record. When data is present, and the

channel describing the data is identical to the one that the

user has selected, the CHANNEL CONTROL SIGNAL is high. At

al]. other times it is low. Thus far the circuit has deter-

mined 1) when data is present 2) when the data represents

the user selected channel and 3) if the data has a frame

number that corresponds to a frame that should be sampled .

When these three conditions are true, pin 6 of integrated

circuit 17 is low . It is normally high.

Pin 6 will be low for a duration of 6.4 ms. During this

time all 24 lines of data will be sampled by the HP9825A and

then temporarily stored in internal memory . The procedure

for recording the data follows. When pin 6 makes a transi-

tion from a high to a low state, the output of J-K Flip-Flop

SN74103 toggles low. Figure 3.1 shows how this output, which

is labeled 4-12, is wired to each of the three data multi—

plexers. In this case it causes the A inputs of the multi-

plexer to be copied Onto the 12 output lines. After 2.2 ms

the READ STROBE OUT line pulses high. The response of the
S 

calculator is to read the status of the twelve data lines.

The B inputs are then copied onto the 12 output lines.

~~~~~I~ VS~V~ V_ ~ _ V V V  V~V~~ S V - S V_V~~.~~~~V . V S* VA VV_ ~~~~ _ _ — V —_V ~-__ ~ —5- - _ . 
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After a short period the READ STROBE OUT pulses high and the

data corresponding to the channel and frame number is stored
V in the computer. The circuit that controls these data trans-

fer operations is shown in Figure 3.2 along with the associated

timing diagrams.

For a calculator input opera tion , when data is transferred

from the interf ace to the calculator , the READ STROBE OUT

signal indicates to the calculator that a read operation

should take place. Figure 3.3 shows the method used in

synchronizing the data exchanged between the calculator and

the interface. The I/O line tells the interface which direc-

tion data is to be transferred , low indicates a calculator

output operation , high indicates a calculator input opera-

tion. When data is to be sampled , a computer program read

command causes the I/O line to go high. This disables out-

put pin 1 of chip 36. The READ STROBE signal is then output

to the calculator on the PFLG line. When the PFLG line makes

a transition from a “busy ” to a “ready ” state the calculator

will read the status of all of its’ data lines. This informa-

tion is then stored in the calculator ’s memory .

At the start of any sampling operation the hardware

interface must be initialized . Counters must be reset and

flip—flops must be set to proper states. This requires a

calculator output operation. When the I/O line is forced

low the READ STROBE input is disabled and the PCTL input is

enabled. The PCTL line changes from a control clear to a

control set status indicating that output data is available

5-
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on the output lines. This triggers a change in the INIT. and

the INIT. lines that causes the circuit to be reset. The

“busy” to “ready ” change in the PFLG line completes the write S

operation.

The amount of memory that the calculator has imposes 
V

severe restrictions on the total number of data points that

can be continuously sampled and stored . The HP9825A calcula-

tor that we are using has about 22,000 bytes of memory tha t

can be used to store data. Since it takes 8 bytes to store

one data sample then 2750 points can be sampled . But , every

point must be sampled twice, once to store amplitude informa-

tion and once to store channel and frame information. A

maximum of 1375 data points can now be sampled and then stored

in memory before the memory is full. If the sample rate is

20 Hz the data sampled will represent a total time of 1.14

minutes. This is extremely short. Ideally, a much longer

record is needed for processing .

The two—pass system that has been developed partially

solves this problem. The technique is to

1) sample N data points ; store on tape

2) wait for N points to pass

3) sample N data points; store on tape

4) rewihd data tape to identical starting point used in 1).

5) wait for N points to pass

6)  sample N data points; store on tape

L 

57~ wait for N points to pass

8) sample N data points ; store on tape.

___________ _ _ _ _ _ _  
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In this system 4’N data points are sampled . When the blocks

* are interlaced properly all 4N data points will be continuous.

The circuit shown in Figure 3.4 controls the two-pass

system. As soon as fr ame count “0” is detected the point

counter is reset. The next 1024 data points that are sampled

advance the counter one each. After 1024 points have been

V 
sampled the output of the J-K f l ip-f lop goes low, ending the

sampling operation. The calculator stores the data on a

small tape cartridge. Meanwhile, the counter is counting out

V the next 1024 data points. At the end of the count, the

counter is reset, the flip—flop is reset, and sampling re-

sumes. When 1024 data points are sampled the data tape is

rewound to the original starting point . The operation re-

peats itself with the exception that sampling and wait ing

tasks are reversed.

Data points are sampled at a very regular interval that

is equal to the sampling interval. If a data point drops out

it will not be sampled but to keep the timing information

accurate it must be counted. The MISSING PULSE DETECTOR

circuit shown in Figure 3.4 determines when a data point

drops out, and in these cases inserts a pulse that will ad-

vance the counter. The counter will always indicate the

number of data points that should have been detected and will

not be in error due to data dropouts.

The four preceding circuits are combined into a total

system in Figure 3.5. This data transfer system takes the
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decoded scintillation data and transfers it to the HP9825A

calculator . The data can then be analyzed . The operator is

able to choose the data channel that will be transferred and

the rate the channel is sampled at. The system converts the

BCD data to a binary form for easier calculator handling and

has special design features that allow it to recover from

dropout errors.

IL

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V V
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4. DATA ANALYSIS V

C 4.1 Sampling Data

To analyze the data it must first be transferred from

the 7-inch magnetic tape to the small H.P. tape cartridge.

It can then be accessed under program control. In Natal ,

the analog satellite transmissions were sampled at a rate

of 20 Hz and then digitized and recorded on tape. When the

data is decoded the programmer must choose to sample the

decoded data stream at one of the following rates: 20 Hz ,

10 Hz , 4 H z , 2 Hz or 1 Hz. Since the total memory capacity

of the calculator is fixed , the choice of sampling rate is

a trade—off between high resolution and increased record

length in seconds. The programmer must also select the

channel that will be sampled . Thus , there is control over-

which communication channel will be studied .

4.2 Error Correcting Schemes

When collecting data many errors will occur . If the con-

clusions drawn from the data analysis are expected to be accu-

rate then it is necessary to be able to locate the obvious

errors and then apply appropriate correction schemes. For

the data logging system that has been described previously

the information has been recorded in terms of its amplitude

and a changinq frame count . Timing information is recorded

V alongside of the amplitude information. Thus, if a data point

V drops out or is not detected , a careful study of the timing

information would reveal that the data is not continuous .

- 
r— 
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If the timing information also indicates that the addition

of one data point would make the data continuous about the

dropout position then an automatic error correcting scheme

can be used .

A computer program has been developed that will auto-

matically locate many of the most common timing errors and

then apply a correction technique. The program works in the

following way. V

Let X(t) represent the amplitude of the received analog

satellite transmission as a function of time . Let F(t) de-

scribe a changing integer frame count that satisfies

F(t)+l if 0<F(t)<98

F( t+T 5) =

~ 0 if F (t)=99

where T5 is the sampling interval.

We describe the data set P that results when F(t) and

X(t) are sampled simultaneously every T5 seconds as

D(i) = F([i+lIT5/2) = 1, 3 , 5,..., 2 N 1

D(i+l) X ((i+l]T5/2).

Because of the way that F(t) is defined we know that for all

odd values of i

D(i+2)—D(i) = 1 or —99.

A computer routine checks the preceding condition for all

_________________ 5- ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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odd i. If it is not met for a particular value of I a

timing error has been discovered . I call this value of i,

~-e 
If further analysis reveals that the insertion of one

sample pair at location 
~e 

would cause the data to be con-

tinuous about le then one sample pair will be inserted . A

single sample pair is inserted by ~~ making room for the

new data by relocating all data pairs that are described by

having i greater than Ie i
~l, ® 

defining the new frame count

to equal D (ie)+l, and ~~ using an averaging method to pre-

dict what the amplitude of the signal X ({i+l}T5/2) was for

This averaging method equates the unknown amplitude

value to be equal to the average of the immediately preceding

and irni-nediately following sampled amplitude values. If the

data has been sampled much faster than twice the highest fre-

quency component of interest then this correction technique

should reduce the error to a tolerable level.

When collecting and recording digital data under noisy

conditions it is possible that a “0” may be interpreted as

a “ 1” or that a “1” may be interpreted as a “0” . This type

of error will cause a large or small change in the timing or

amplitude of the data. The amount of change is determined

by the position of the bit. I have previously described a

program that ‘uses frame coun t in forr~tion to correct timing

errors in the data. I will now describe a way to reduce

V the magnitude of errors found in the amplitude part of the

data when caused by the above source.

- ~~~~~~~~~~~~ VV~~~~~~~
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Assume that one of the twelve bits used to describe the

amplitude of a sampled data point has been misinterpreted .

Since the data is coded in a BCD form , an error in one bit

will cause a change in amplitude ranging from 1 to 800. A

large change in the magnitude of any one data point will re-

suit in a very noticable discontinuity when compared with

adjacent data points. A computer program has been written

that will locate and then perform an averaging correction

on each discontinuity that is greater than an arbitrary

level.

This level will be a function of the data and must be

large enough so that rapid changes in the data will not be

effected, but small enough so that large discontinuities

in the data caused by errors can be identified . Thus, if

the data is slowly varying the level can be set low. If the

data varies rapidly the level must be set high. Let X(t)

represent the amplitude of the received signal at time t.

A correctable discontinuity is said to exist whenever

X([i+l]T5) X(iT5) > S i1,2,...,N’l

where T5 is the sampling interval and S is defined

to be

N-i

~ X([i+1]T5)—X(iT5)I = S.
i=l

When a discontinuity is found , the program first deter-

mines whether the discontinuity involves a single point or

S..
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involves more than one point.

~—~~-MLJLTIPLE POINT
~_b~~~~ 

~~~~ 
DISCONTINUITY

• K 
. 
.

SINGLE POINT
DISCONTINUITY

For a multiple point discontinuity the location is noted

and the program operator is notified . Single point discon-

tinuities are handled automatically. For single point dis-

continuities, the value of the data where the discontinuity

exists is set equal to the average of the amplitudes of the

inuned iately preceding and immediately following points.

This error correcting scheme will not identify trans-

mission error s when the resulting discontinuity is less than

level S. However, in these cases the error should be small

and should have negligible effects on future data analysis.

4. 3 Autocorrelation

After the data has been cleaned-up by the use of error

correcting programs it is ready to be analyzed . The auto-

correlation of the data is determined first.

In a typical situation the data is sampled at . 20 hz

rate. The available memory in the HP9825A calculator limits

the number of data samples used in a correlation routine to

1024. Thus the maximum duration of the data that can be cor-

related is limited to 51.2 seconds. This is a short piece

• - . .  ~~~ : - ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ 
- -~
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of data and consequently, the confidence in the results of

the autocorrelation will be reduced for displacements greater

: !  than 10% of the total record length.

The general equation that is used for computing the cor-

relation coefficient is appropriate when the data is infinite

in length. Because our data is finite , a more complex equa-

tion must be used to accurately determine the correlation co-

efficient. Starting with a finite , non—zero mean data set

given by

• X(iT5) i 1 ,2,...,N

where T5 is the sampling interval and X(iT5) is the ampli-

tude of the received satellite signal , the coefficient of

correlation k units apart is computed from

N—k

~ X(iT~ )—~~ ) (X((i+k)T5]—X”)
rk = i l  . 

-~~~~~~~~

/N-k N-k

/ ~ (X(iT9)—~~’)~ ~ (X[(i+k)’r51— ~~”)
2

V i~ l i~ l

where 
N-k

~ X(jT
N-k

j=1

N-k
.1... ~ X ((j+k)T5]N—k
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and N=1024. Notice that the mean is computed after every

change in the displacement k and is based on only the re-

maining N-k data values.
S

• 4.4 Cross Correlation

The cross correlation of two signals can be computed

• using a method that is similiar to the one used when corn-

-
• puting the autocorrelation function. When given two sampled

• signals X (iT5) and Y(iT5) where i=l,2,. . . ,N the coefficient
• of correlation k units apart is computed from

N-k

~ (X(iT5)~~~) (Y((i+k)Ps~~
y)

i=].
rk = _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

TN-k N-k

/ ~ (X(iT5)—~ )
2 

~ (Y[(i+k)T51)—V)2

‘4’ i=l i=l

where
N-k

~ X(jT5)
N-k j=l

N-k
V = .L ~ Y[(j+k)T5~ .

N-k j=l

4.5 Fourier Transform

In order to compute the power spectrum of the data the

Fourier transform of the data must first be determined. This

thesis uses a special computation procedure, taken from Brigham

(1974) , to compute the discrete Fourier transform

• • • 
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of a 2N point function by means of an N point transform.

The procedure is outlined below.

Given the sampled values of the received signal

x(i) i~0,l,2,.. .,2N—l

where N—1024, first compute the mean of the sampled values

from
2N-1

~ x(i).

Now subtract the mean from each of the sampled values.

x’(i) = x (i)—M i—0 ,l,2,...2N—l

Transforming any piece of finite data has the same

effect as multiplying the data by a rectangular window and

transforming the product. Since multiplication in the time

domain corresponds to convolution in the frequency domain,

the spectrum of the data is convolved with the Fourier trans-

form of the window function. The spectrum of the data is

thus distorted by the window function. Since the Fourier

transform of a Hanning window has much lower sidelobes than

the transform of a rectangular window1 distortion by sidelobe

effect will be reduced with a slight sacrifice in resolution

if the data is multiplied by a Hanning window function . The

Hanning window function is defined to be

~~~ ( 360i ) , i—0 ,l,...,2N—l
• W (i) ~ 2N

0 , elsewhere. j

_ _ _  ~~~~~ ~~~~~~~~~~~~ . ~~~~~~~~~~~~~~~~~~~~~
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Multiply the data by the Hanning window function to obtain

x’~ (j) — (.5- .5cos x ’ (i), i 0 ,l, .. . ,2N— 1.
Divide ,C(i) into two functions

h(i) x”(2i) , i0, l,.. .,2N— l

g(i) — x” (2i+l).

Form the complex function

y(i) h(i)+jg(i) , i=0,l .. .,2N—1.

The Fourier trans form of y(i) is defined to be

Y (n) 
~ y(i)e J2 1/N n— 0,l,.. .,N-l

i—O

R(n)+jI(n)

where R(n) and 1(n) are the real and imaginary parts of Y(n),

respectively. To save computation time a Fast Fourier Trans-

form (FFT) routine is used to compute the discrete transform.

The output of the FFT program must now be converted into

meaningful transform data. This is necessary because we origi-

nall y start wi th 2N real data poin ts and then transform N real

and N imaginary points. The real and imaginary par ts of the

2N point discrete transform of x” (i) are respectively given

by

X (n) .5([R(n)+R (N—n)]+(I(n)+I(N—n)] cos

— [R(n)-R (N—n)] sin !.Th 
N

• 
•

• ~~~~~~ -~~~ • • • .  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ L.~~~ ~~~~~~~~ •-~~~ - -~~~~~~~
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X~ (n) — .5( [I(n)—I (N—n )1—EI(n)+I (N—n)I sin !!~!!N

- [R(n)-R(N-n)J cos
N

n—0,1,. . .,N—l.

The output of the Four ier transform program will  now be

examined. The input to the program is 2N real sample values

(N—1024) that are separated in time by the sampling interval

T3. The output of the program is 1024 real values (even

function) and 1024 imaginary values (odd function) . Adja-

cent data points are separated in frequency by

f 1
2NT5 2N

Xr (fl) and X1(n) represent the n th components of the real

and imaginary parts of the Fourier transform. The frequency

that the n th component corresponds to can be written as

nfs
2~

f -f Nf =  .i and S

4 4 2

________— na!~!+l , ~!+2,...,N-l.
\..~ 2N 2 2

4.6 Power Spectrum

To plot a normalized power spectrum the total power in

the spectrum must first be determined . For discrete func-

tions , the rela tionship between power as computed in the time

domain and as computed in the frequency domain is given by

A :



-
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* 

~ x~ (i) = Y IX(n) 2

jaG n—0

This is known as Parseval’s theorem. We have used a special

computation procedure to compute the discrete Fourier trans-

form of a 2N point function by means of an N point transform .

Because of this Parsevaj’s theorem becomes

2N-l N-i.

~ x~~(i) = 4.-. S lX(~~
)

i 0  n=Q

The total power in x (t) is given by

T

f
0

If we let 2N=T/T5 then for small T5

I 2N— l
I x~ (t)dt S X

~ (iTs)Ts.0 i=0

The tota’ power in the spectrum must be

T
P — ~ EX ~(n)+X~~ (n)).2N r -~

~ 0

This is expressed in decibels as

• 10 log(P) db.

• To plot the positive frequency portion of the normalized

power spectrum the magnitude of every point must be

~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~
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normalized. Therefore , the n th point in the power spectrum

will be plotted with a magnitude of

10 log ( S [X r
2 (n)+x i

2 (n)])

and a frequency of

n
2NT5

4.7 S4 Index

The S4 index is a positive number , normally ranging

between 0 and 1, that gives an indication of the severity

of scintillation. If the S4 index is less than .3 the scin-

tillation is described as being weak. For S4 values greater

than .7, scintillation is strong. On occasion the S4 index

can be greater than 1. This would suggest that there may

exist focussing effects.

If the amplitude of the received satellite transmission

is sampled every T5 seconds and given by

X (iT5) i—l ,2,...,M

then the S4 index is computed from

S
4 [~~

where

N

~ 
X~ (iT5)

i—i

~
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S. RESULTS

Using the computer software described in previous sec-

tions, three pieces of data have been analyzed . In this

section of the report the results of the data analysis for

data recorded or September 7, 1977 will be discussed . The

statistical analysis of the two remaining pieces of data is

given in the Appendix but is not discussed . For the cases

chosen, a single piece of data is composed of 2048 sample

points. Since the channel was sampled at a 20 Hz rate, the

record length spans a time of 102.4 seconds. Channel 1 refers

to the signal received by the University o~ Illinois receiving

system. Channel 2 refers to the signal received by the Air

Force receiving system . The Air Force antenna is located 278

meters east of the University of Illinois antenna .

Figure 5.1 is a plot of 102.4 seconds of scintillation

data that was recorded by the University of Illinois receiving

system at an approximate time of 01:07 U.T. The amplitude

scaling is relative , i.e. the fluctuation of the amplitude is

• linear relative to some arbitrary base value. It can be seen

that the data goes thru large positive and negative variations

with respect to its mean value . We can quantify this last

statement by computing the S4 index of the data record. The

S4 index is a measure of the severity of scintillation . As

given in Figure 5.1, the S4 index of the data is .566. This

would indicate that scintillation is moderately strong . Visual

inspection of the data reveals that the data is noisy . This

• • 
•

• •— .-—---—--- •.~~~~~~~~~ L • -  —~~- -.
~
.•—•.--—-—-—-----~~~~~— -  —.—~--—~ -.- •---•-- - • •-- •---—--•—~~•-—-—- - •--— -~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Figure 5.1. Scintillation data - Channel 1 (01:07 UT).
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might be caused by the fact that the University of Illinois

antenna is on the Universidade Federal do Rio Grande do

Norte campus where there was appreciable construction work .

• However , the added noise does not significantly affect the

conclusions drawn from the data analysis as can be seen

later.

Figure 5.2 shows the signal received by the Air Force

system. Again, the amplitude scaling is relative and the H

absolute record time is identical to that of channel 1. We

know that the time “0” seconds in Figures 5.1 and 5.2 occur

at the same instant. Thus the two records show the effect

of studying the same phenomena from two relatively close

observation points. We expect the records to be similar ,

and they are similiar. The channel 2 signal follows the

shape of the channel 1 signal after a slight time delay .

Figure 5.3 shows the cross correlation of the channel 1 and

channel 2 records. It shows that a 2.00 second shift in the

channel 2 data produces a maximum coefficient of correlation

equal to .905. This coefficient is very close to unity in

spite of the interfering noise on channel 1 and thus supports

• the hypothesis that the ionospheric irregularities that cause

scintillation of the signal can be considered as “frozen-in ”

for the short separation distance of our antennas. Since

• matching contours of received signal strength are observed

by the Air Force system 2.00 seconds after being observed by

the Illinois system the “frozen” distribution of the diffrac-

tion pattern must be drifting with a component of velocity
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Figure 5.2. Scintillation data - Channel 2 (01:07 UT).
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equal to

Vd = 278m = 139 rn/s
2 .OOs

to the east.

Figures 5.4 and 5.5 give the autocorrelation function

for channel 1 and channel 2 records respectively. Since

the data has a finite length the maximum displacement of the

autocorrelation function was limited to 5% of the total

record length. Thus there is high confidence in the computed

correlation functions. One of the most important features

of the correlation function is its correlation interval.

The correlation interval is the time displacement of the

data that is required to reduce the correlation to zero.

This can be used to give us an indication of how fast the

signal fades. Figure 5.4 shows that the correlation inter-

val for channel 1 data is 1.75 seconds. For the Air Force

data the correlation interval is 1.83 seconds. Because of

the high degree of cross correlation between the two channels

you would expect the fading rates and autocorrelation func-

tions to be as closely matched as Figures 5.4 and 5.5 show

them to be. The time it takes for the autocorrelation co-

efficient to reduce from 1 to .5 is approximately 1 second

for both channel 1 and channel 2 data . This shows close

agreement with the results obtained by Mullen et al. (1977)

for 254 MHz data recorded at Huancayo , Peru .

If we compute the Fourier transform of the channel 1 E~nd

channel 2 data we will be able to analyze the power spectra

L 
_ _ _ _  
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of the ionospheric radio scintillations. Figures 5.6 and

5 7  show the norma l ized power spectrums for the Univers ity

of Illinois data and the Air Force data . A normalized spec-

trum with power expressed in dB and frequency dependence

plotted logari thmical ly  is shown because i t emphasizes the

important characteristics of the transformed data .

The spectrum shown in Figure 5.7 is relatively flat

• for low frequencies. A longer piece of data would show this

more clearly since the abrupt changes in magnitude would be

smoothed out. The DC component is not shown since the mean

was subtracted from the data before the transform was com-

puted .

Both of the computed spectra exhibit a straight line

I variation for frequencies above the break point. For the

channel 1 and channel 2 data recorded on September 7 the 
*

Fresnel frequency at which a break in spectral behavior

occurs is approximately .16 Hz. This straight line

variation suggests a power-law variation for the spectrum .

For the cases chosen , the power-law model can be approxi-

mated by A 1 (~—) 
~~ and A 2 (~L~) ~~~ where A 1 and A~ are rela-

tive magni tudes, VF= .l 6 H: and is the Fresnel frequency ,

and the exponents n 1 -3.4 and n2— 3.6 characterize the slope

of the line.

For frequencies above 1.5 Hz the spectrum in Figure 5.6

starts to level off. At this point the signal power is very

small and partially contaminated by noise. Because the Air

—a ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ 
—~ 
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~
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NORMAL IZED POWER SPECTRUM

Ma9r ’itude ir ~ OB

30.0

20. 0 
*

10.0

/ \  r~A

-20J I

- Hi.
* — 5B. 0 . ~ ~~~~~~~~~~~~~~~~~ ~

U.;

Frequency in HZ

Figure 5.6. Normalized Power Spectrum - Channel 1.
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Figure 5.7. Normalized Power Spectrum - Channel 2.
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Force antenna has a higher gain and is located in a less

no isy env ironment, the channel 2 signal is much less dis-

torted. This can be seen by noting that the high frequency por-

tion of the spectrum shown in Fig. 5.7 (channel 2) begins

to flatten at a higher frequency than that shown in Fig. 5.6

(channel 1).

Using the relationships given by Rufenach U972) , the

mean height of the irregularities can be easily determined ,

provided that the weak scatter theory is applicable. The

mean height is given by

1 Vd~~
~~~~

where \ is the wavelength of the transmitted signal , V.~ is

the drift velocity of the frozen irrecularity distribution ,

• and is the Fresnel frequency taken from the normalized

power spectrum . For the two pieces of data , the mean height

of the irregularities is computed to be ~~6. . km. This

height is much lower than we would expect. There are two

reasonable explanations. The expression used in computi~~

the mean height of the irregularities was derived for the

4 case where scattering is weak. For the data the figures are

based on, scintillation is moderately strong ( S 4 = .56~~) .  and

mul tipl e scatter ing ef fec ts can no longer be cons idered

negligible. Second , Umeki et al. (1977) have found that

when scintillation is strong , broadening of the spectrum is

expected. They have found that for cases involvinq multiple

scattering the sharp break at the Fresnei. frequency is

~~~~
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.• •, ,—.• • • -,— —

~~~~~~~~~~ —— ~~~~~~~~~~~~~~~~~~~
.-



- -
~~~~~

--• .-••
~~

-• - • - ---.-
~
----- -—-—

~~~~
• ~~ —.  -—-—------ • •

~~~~~~
•- •-

~~
- •--

~~~
-.. 

42

replaced by a gradual decrease in the spectral shape. Based

on these f indings i t is possible that the true Fresnel fre-

quency may be lower than visual inspection of the spec trum

would suggest. For example , if the true Fresnel frequency

was 25% lower than the spectrum would suggest, the mean

height of the irregularities would be 366.6 km.
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6. CONCLUSION 
-

* 
A data analysis scheme for studying the scintillation of

transionospheric radio signals near the equator has been pre—

sented in this thesis. The first part of this scheme required

• that a digital syste.n be designed . This digital interface cir-

cuit selectively samples the decoded scintillation data and then

transfers the sampled values to an HP9825A desk calculator where

they can later be analyzed . The operator is able to select the

data channel that is to be sampled and then sample that channel

at one of five different rates (20 Hz , 10 Hz , 4 Hz , 2 Hz , or

1 Hz).

The second part of this scheme requires that we be able

to locate obvious errors that occur in the data and then apply

appropriate correction techniques. These errors are often

caused by data dropouts and noise. Full recovery from the

error can not be accomplished . But , ~ usinc an error cor-

recting scheme the error can be reduced in magnitude , so that

it is small and has negligible effects on future data analysis.

Three sets of data were selected and analyzed in this

thesis. Only one set of data was Jiscussed in the results

section . The three data sets were recorded in September

1977 , between 00:00 UT and 01:30 UT, and are of 102.4 seconds

length. The S4 indices ranged from .148 to .725. Although

channel 1 was nois ier than channe l 2 compar isons based on

correlation and spectral analysis showed many similarities.

The correla tion interval ,  the time require d for the corr elation

~~~~~-~~~~~ - -~~~~~ . • L_ . ~~~~~~~~ 

~~~ - - T ~~~~ 
_ 1

~~~• ~~~~~~~~~~~~~~~~~~~
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to be reduced from 1 to 0, was about 2 seconds for all cases.

Cross correlation of the two signals produced maximum values

for displacements varying from 1.90 seconds to 3.10 seconds.

Since the receivers were separated by 278 meters the frozen

irregularity distribution had drift velocities that varied

• from 146 m/s to 90 rn/s from west to east.

Comparison of the normalized power spectrums for each

of the three data sets produced several interesting results.

All of the spectra followed a power-law behavior for fre-

quencies above the break point. For the three cases it was

found that the Fresnel frequency , at which a break in spec-

tral behavior occurs, increased when the S4 index increased .

This is summarized below .

• S 4 Index Fresnel frequency (Hz.)

.164 .12

.567 .16

.725 .21

This thesis demonstrates the utility of a digital data

analysis scheme which has been used to produce statistical

properties of scintillating radio signals. The three sets

of data analyzed in detail were selec ted in random and shoul d

not be construed as a trend nor interpreted in any geophysi-

cal significance. It is recommended that a more systematic

analysis progr am can be car r ie d out so that mor phological

studies can be carried out.

I
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APPENDIX

This appendix contains the Computer analysis for two
sets of equatorial scintillation data recorded on September 16,
1977 and September 28, 1977. The analysis includes computa— *

tion of data autocorrelatjon , cross correlation , power spec-
trum and S4 index .
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Figure A .3. Cross Correlation - Channel 1, Channel 2.

• - •



- ~~~
..----——

~~~~
-

~~ 
- 
~~~~~ ‘ ~~~~--- —-- -~~-- -. • • -‘

50

SEPT 16 1977

Carrel ati on

1.00 •

0.00 I I I I - -— I I

-1.00 .L

seconds

• 

* a
Figure A.4. Cross Correlation - Channel 2, Channel 1.

$



1

• 51

SEPT 16 1977

Lorrelation -

seconds

Figure A.5. Autocorrelatjon - Channel 1.

L~.. :.~ • ~~~~~~~~ ~~~~~~~~~~~~~~~ — ••• ,•~~ . - - • •• • -~~ •— . ~~~~~~~~~~~~~~ 
:



- -~ -~~ 
-_---- 

~~~—-~
- . -• -- • • - . ---. - -• - -

11~ 52

SEPT 16 1977

• Correlat ion

___  :

-1.00 1
seconds

• Figure A.6. Autocorrelation - Channel 2.



- ,- ~—7-—--— -.-

~~
--------

~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ -~~~~~~~
_ _

53

NORMALIZED POWER SPECTRUM

Mc~~nitude ir ~ D~~~~

• 30.0

20.0

—40. 0 ~1 h

-50. 0

— • 4 1 ~~I J I t i  I— -I. 1 t 1 1 1 4 -  I i t t i t l i l

U.,

-

. 
Frequency in HZ
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Figure A .1S. Normalized Power Spectrum — Channel 1.
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Figure A.l6. Normalized Power Spectrum - Channel 2.
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