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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
frequencies, up to GHz frequencies. A suitable geostationary
satellite that can provide the desired transmissions is ATS-6.
This satellite has a Radio Beacon Experiment 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 105°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 factors, 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 receivers 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.




d. 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 piocessing 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, analysis of
scintillation data invariably involve statistical computations
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

fairly continuous basis for studies of long term behavior
and to run the digital system on a chosen schedule for de-
! tailed statistical analysis.

A digital data logging system was designed and built
E 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 backend. 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.

For 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". The expected over all signal-to-noise ratio is about
20 dB which seems to be in agreement with the operatiocnal
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
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{re concerned with the problem of frequency stability. For
this purpose all frequencies are derived from the oven con-
trélled 10 Mhz reference oscillator (HP Model 10544 A) and

the receiver is considerably more complicated. The detailed

descriptions of these receivers can be found in Appendix G

and will 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 digital
form. The analog data are generally scaled by hand for
scintillation index, the rate of scintillation and the drift
speed. The digital data must be retrieved through an inter-
face circuits to a computer for later processing. Central
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 S, scintillation index. A
detailed write-up of the system as well as some sample com-

putations can be found in Appendix H.
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. Station Operation

e

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 arrival 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

Experimental, Centro de Ciencias Exatas, Universidade Federal

E = e——— e ———r

do Rio Grande do Norte, Natal, Brazil. Both the UHF helix
antenna and the 6-ft. parabolic reflector were installed
outside of the building. Approximately 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 drift
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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polarization rotation measurements. Once all these data
are collected and accumulated to a certain degree, Prof.
Bonnelli of UFRN sends them to Illinois by air mail. The
received data are being scaled and processed. Some of these
results have been incorporated into several papers. These
are reprinted in the Appendix.
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4. Scientific Findings

In this section we summarize the principle scientific
results of this project. The details can be found in the
Appendices.
4.1 Equatorial ionospheric bubbles and their relations

to scintillations

Recently, there are increasing number of experimental
evidences indicating that ionospheric perturbations described
variously as ionization depletions, bubbles, plumes, etc.
occur in the evening hours at the magnetic equator. There
are also indications that the occurrence of these bubbles
are correlated with the onset of scintillations. Theoretical
studies show that the under-side of the ionosphere is sub-
jected to Rayleigh-Taylor type of instabilities which will
cause a region of depleted ionization to rise as bubbles.
Sharp gradients may exist in the bubbles forming what are
described as the ionization walls. When such regions are
traversed by a probing radio wave, the associated Faraday
effect 1s expected to show depletions of electron content.
At the same time, the amplitude of the wave will fluctuate
if there are related scintillations. By monitoring signals
transmitted by the geostationary satellite MARISAT 1 and
SMS 1 at the station in Natal, Brazil, we have observed
the occurrence of these bubbles and studied their statistical
characteristics and relations to scintillations. It is found

that the most probably content depletions for the propagation




path under study have values in the range 1 to 4x1016 elec-

2, but depletions as large as 1.2x1017 elec-

trons per meter
trons per meter? 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 that 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-band 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 1S 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
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from 1 per second to 6 per minute. The results have been

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

for investigations of the statistics of the drift 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 effects on radio pulses in

the ionosphere are investigated. In particular, the mean
arrival time and the root mean square pulse width are derived
for various ionospheric conditions. It is found that under
strong scintillation conditions, the scattering effects may

be very important in broadening the pulses. The results are

included in Appendices A, B and D.
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PULSE DELAY AND PULSE DISTORTION 3Y RANDOM
SCATTERING IN THE IONOSPMERE

K. C. Yeh and C. H. Liu
Department of Tlectrical Engineering
University of Illinois at Urbana-Champaign
Urbana, Illinois 1801

SUMMARY

The dispersive effects of the {onorphere on propagating electromagnetic pulse
are vell known. Because of the frequency dependence of the refractive index, the speed
of the propagation is jiven by the qroup velocity which (s slower zhan the free-space
velocity of light. The dispersion also affects che 2ulse shape by smearing and lengthen-
ing it, resulting in jeneral degradation of the communication signal. However.
ionosphere has often been found to be permeated with random irregularities of aelectron
density. TAhrough scattering from these irregularities additional distortion of the
signal may come about. The purpose of this paper is to investijate he effects of the
random scattering on the pulse delay and the pulse width., This problem is nathemati-
cally formulated and solved. All nultiple scattering affects are tacen .ntd sccount
except the dackscattering. The solutions are Jiven i1n %erms of Tany parameters which
San be classified into three kinds: 3signal par ers, 10nOspheric Ddarameters and
irregularity parameters. It is found that under rTain conditions effects caused by
random scattering can be more important than those caused by dispersion. Various numer-
ical examples will be jiven to show the importance of the effects. The implicacion on
Precise ranging systems and Communication systems will te discussed.

Additional factors must be considered when the signal is weak and must =here-
fore compete againse the noise. The effect of noise on the determinazion of the arrival
time is to iatroduce an error which depends on the signal-to-noise ratio. Its act
on the puise width depends on a jumber of rarameters. The nature of this dependence
will be discuased.

1. INTRODUCTION

The dispersive sffects of the ioncspheric plasma an Jropagation of electromag-
netic pulses is well known. For a narrow band puls transit time tetween twvo fixed
poines is d rmined dy the jroup velocity whizh is slower than the * ~space speed of
iighe. That {s, for a fixed distance the dulse will take longer “ime %0 arrive At the
receiver than that in free-space. The excess, known as the exceass :tine delay, is pro-
portional to the integrated electron density along the path Or electron content in the
Aigh frequency approximation. The e T of Aite bandwidth has also deen looked iato:

S contributes tO pulse distortion and lengthening.

In addition to dispersion, the ionospheric plasma is ofsen found in the zurdu-
lent state. The electrons form density irregularities. These irregularit can
scatter electromagnetic energy and result in further degradation af radio 13na.s prop-
agating through the ionosphere. The purpose of this FAper is O (nvest.gate the Jom-
Sined effects on electromagnetic pulses caused dy disversion and scattering. wae first
review the propagation jeometry and the Nge of parameters involved in section .

Next we introduce in section J the temporal noments and show how elated =2
the mean arrival time ind che mean pulse width. Also shown ia s
and numerical values and turves for *he nean arrival cime and *he mean Pul
T™h exXpressio: re derived for the ideal, 7Cise.ess commuUALCAtion chantel. o
present noise uncorrelated with tle signal thess juantities must Ye aodified.
+8 discussed in section 4, The paper is concluded in section §.

2. PROPAGATICN SEOMETRY AND DPARAMETERS

The propagation geometry is shown i Fig, .. A plane wave signal is supposed
%0 be impressed on top Jf a slad containing electron density irregularit.es. sScattering
takes place inside the slad so that randoa perturdations are inparted on the wave ~hen
it leaves the base of the sladb. These random perturdations are further randomized i
the 23::q¢n.cua region delow the sladb thrcugh diffractional effects dSefore it is finally
rece .

In a problam such as this there ire many parameters iavolved. In the following
is a list of nine parameters and their approximate range of values pertinent to the
ionosphere.

carrier frequency of the signal #: 100 - S000 MMz
signal dandwideh (YY) “1:  less “han 10 MMz
plasma frequency 'p‘ 4 =15 M2




i
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i
propagation distance 3: 100 - 1000 \m i
rmg electron density fluctuations “y: 3 - 2.9 |
siad thicknees L: 10 - 500 |
power law spectral e nt m: approximately 2 ‘ 1
inner scale r,: 10°) - 1p's |
outer scale t,: 104 - 10° 2

In the above list the first two parameters are aignal parameters, the next two
are ionoepheric paramsters and the last five are all irregularity parameters. The
carrier frequency of the signal can df Course vary over a wide range. for frequencies
near the lower end of VMP band the ray bending, which ia ignored in this paper, nay de
very important. Therefore, the lower bound of carrier frequency is taken as 100 MHz.
When the frequency is raised to the SNP band, the icnospheric effects are expected to
become very minimal and hence an upper bound of § GHz ia chosen. The second parameter
in the above list i3 the signal bandwidth which is defined Dy the equation

T e (2M)? -l [P(2wv) | Y vilav )

where P is the spectrum of the transmitted signal as a function of the modulation fre-
quency v. FPor a Gaussian signal spectrum of the form

Pi2vv) = (Joe'/H) TV gupieawiy? ot 1)
the dandwideh (1) can be computed to de
ST = ot/get N

The value of the bdandwidth can vary from 0. which corresponds to a pure carrier, to

about 10 MNz. For moet computations a value of 1| MRz is used. The third parameter fe

is an ionospheric parameter. In the actual ionosphere the plasma frequency varies with

height. Por theoretical convenience the model i P e is a d to have a constant

plasma frequency. This is partially fustified because very often irreqularities are

observed to be confined to a slab and decause even when irregqulariti are distriduted

those near the ionization peak are mcet effective in producing scintillation. The

plasma frequency at the teak can vary from 2 to 1§ Mz, a value of 10 MHI i used in

computations. The parameter, propagation distance, is the distance from the top of the .
irreqularity slab to the receiver as shown in Pig. 1. It has the minimum value of 100

km if irregularities are in the B region. Irregqularities i{n the magnetcsphere have been

observed bdut they are not expected to affect transiconospheric propagat:' "n sidnals bde-

cause Oof their low density. Therefore, an Approximate saximum value of 1000 ka for the

propagation distance is chosen. The rms electron density fluctuations had always de
thought to be small, no more than 1V from the bankground, until the in situ measurements
demonstrated that a surprisingly large percentage of 10 or even 50 is possible at ¢
equator. This accounts for the rather larje upper bound value of 0.5 for sy in the
Based on radar data, the slad in which irregularities are confined can be as “hin as

10 ‘o and as thick as several hundred kilometers. Soth scintillation measurements and
nts indicate the one-dimensional power spectrum of Jdensity fluctuations
:," vhere <, is the spatial vave number. The expongpt m in the power-law
spectrum s approxisately I. A r~law spectrum of the form < ha9 several sathe
matical d4fficulties. FOr example, scme spectral moments will fail to exist. The
difficulties can de remedied by introducing the inner scale and the outer scale. The
exact values of the inner scale and the outer scale are very uncertain at present. BSased
on plassa physics we would expect the inner scale to be bounded bYelow dy the Debye

length below which the plasma (s expected to lose all its collective dehavior. There-
fore, the absolute lower bound is the Debye length which ia the ionosphere is approxi-
sately 10-) a. Sased on the radar backscatter dats the irrequlariti t ) m lenath
seem to bdelong to the same process responsible :0 scintillation Mor 1., 977,
However, the more powerful Arecido radar dces N0t seem tO have reporte spread-r

type irregularities of size J.J3 m, Jonsequently a more reascnable value for the inner
scale is probably somewhere between ).15 @ and ) m, a value very close to the ionic
gyro-radius. There is very sparse information about the duter scale, & probable range

is between 10 ‘ma and 100 km as indicated in the list.

A AP T T SO T RO, o el ST

). PULSE DELAY AND PULSE WIDTW

PFor purpcees of locating the position of a pulse and Jdetermining its pulse wideh,
it is convenient 0 make use of the moment concepet. Lat a(t,z) represent the complex
amplitude of a signal and it {s (n jeneral a random function of time t and position 2
\dm:d;nco on transverse coordinates is suppressed). Define the n th moment of the
signal by -

wn (g) thea(e,2)  a®(t,2) de Y

T
)
-




stied .

3

where the angular brackets are used to lencte le aversging. For conveni
phgucll interpretacion the Somplex amplitude i3 sumed t2 de normalized so that

N1O) (z2)=l. Then, the mean time required by A pulse %0 propagate from ze) to 2 is re-
lated to the first mowent by

)

S R I Rt ] ()

The mean square pulse width centered around the mean asrival time is related o the
first two aocents by

i) e NP (2) - edix €

fiigher order Doments raveal skewnass and concentration of the pulse and will not be
dealt with in this paper.

Theoretical derivation of expressions for ¢t and * i(n this cropegacz:on problem
can be done by solving the transpor: equation for tMe two-frequency cne-position mutual
coherence function. This has deen done elsevhere (Yeh and Liu, 1977). Thesir results
show that

UL M
T
vherse t, = g/c /1l - rp /2 (8)
P l!P‘v—"x/Z!’a (9)
£y = St L2z-b)tall,/r,) Attt (19)

The transit “ime ¢, .3 well-Xnown since it is just *he time required for s signal o
propagate a distance t with zhe group velocity cvl-? . Ia the high frequency approx-

imation (i.e. b“?” &, i3 usually expanded and w\'!.e':on ia the form

., *ae Qaa

where t,=1/c is the free space tima delay and it is the axcess time delay due %0 presence
cf electrons. The exc tive delay in the high frequency approximaticn is proportional
t0 the integrated electron Jdensity Or electron content and has been a Juaastity af
interest in satellite-based navigational systems (Xlcbuchar, 1976). The time Jelay t,
given by (9) is a correction term to t; when the sigrnal nas a finite bdandwidth ,TT and
i3 usually small £Or narrow band signals. T time Jelay t, is caused by random
scattering. In order to demonstrate numerically the order of magnicude ¢ various
effects, the following model parsmeters are adopted.

R E £ = 10
3 = 400 oy = 0.1
3 ()
L = 200 km a2
£, = 10°m ty, = 104

For these Daraneters, =} Tee-space time delay %, is 1.33426 ms which is dy far the
largest value. The excess time delays iue %o electzons, fiaste bandwadth and random
scattering are plotted as a function of frequency in Fig. J. In a log-log plot all
three curves are straight lines The dominant contridution o xcess delay comes
ectron content. 3Jut, for frequencies less than 100 Nz,
the scattearing <an increase the :ime delay dy ! to 10 as.

The mean square pulse width can also be derived from =he transport equatica for
the mutual coherence functica. The result is

At vl et anl et ot $% }}
0 ' 1 ) .

vhere
5 O o
ST et

el i
.|-n!‘P
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LR t;a;u,/z!'e‘ (14
tl - !;:,"L(L‘-nnh‘)lut‘l..x:f‘
tl e !;a;&'(lzl'-ltlLOCL'Vllnt./r.l"dll}!'c‘

of - t;:;:n«:a-L\JT In(t, /e, /2t 80 0l

Let the signal spectrum be Gaussian and de jiven dy (2). The mean square pulse width of
| the impressed signal at 2«0 i{s then

vl (0) = 1/16%357 (1)

I For a bandwidth of 1 MMz, t! has the numerical value 6.3326x1071% ¢! or c,«7.987x207" &.

| It turns out that for the plrameters given by (12) the dominating terms in (13) are t}
and ti{. That is, of the six cterms in (13}, v} is most iaportant for frequencies less
than a certain value and t{ is m:ost imporzant for frequencies larger than the same
value. Let the frequency at which t! = t: be ¢, then

£y = dogriLi-Laerahrel VT/er,t (16

When f£<fq, t! has the largesc value for which the original pulse width ia very auch
lengthened, when >, t§ has the largest value, i.e. the original pulse width is sub-
stantially unchanged. PFor the paramete sdopted in (12), £ is computed td be 1.46 GHz.
Hence when f<l.46 GHz, the original pulse wideth of 7.9578%10%8 ¢ can be very msuch
lengthened. On the other hand, when £>1.46 GHi. the original pulse width 1is changed
very little. It sfould de mentioned that 7, is very sensitive to the choice of an
inner scale r£,. The inner scale given in (12) is rather small. There i3 still Juestion
as to the validity of the forvard scatter approximatign in the paradbolic equation sethod
| wvhen the inner scale is 3o small. If, instead of 10"‘m, we pick r =l a and leave otder
| parameters in (12) unchanged, the dependence of pulse width on frequency is very much
E§ shanged (see the second curve in Fig. J). Bven for such a large inner scale, the pulse
g wideh at 100 Miz is lengthened Dy more than one order of magnitude.

4. EFFECT OF NOISE

In the above discussion the communidation channel is assumed tO0 de noiseless.
In practice the communicaticn channel is not ideal and the signal sust De competing
against the noise. I[f the random signal and the noise are statistically independent,
expresaions for the mean arrival time and the mean squate pulse width in the noisy en=
vironsent can be derived and related to the corresponding Juantities in the nciseless
environment. Let the detection of the signal de jated for a duration T centered at
some instant t, which is usually close %0 the actual arrival time of the signal.
Within the jated interval, let the signal energy e S and noise energy De N. Then the
mean arrival time in the noisy environment (t )y is related to the mean arrival time in
the ideal channel €, by (Yeh and Liu, 1977

|
|
|
|

(Ggly = &g = (T,-8,) N/§ amn

| As can be seen in (17) the error in the arrival time is protorticnal %o the produce of
*wo terms: t,~%, And N/S. Hence the error is minimized if the initial Jueas .s very
slose to the true arrival time and, or the signal-co-noise Tatido 5. N 19 very large. The
Wmean square pulse width in the nN0isy enviroament "‘ 2an also de related %0 the mean
square pulse width in the nolseless environment ! By

. td oo ((e eyl ori/12-00) w8 51 )]
1t is seen that the noise affects the pulse wideh in a more complicated way.

S. CONCLUSION

We have Jiven analytic expressions for the mean arrival time urd the Dean square
pulse wideh in (7) and (1)) respectively for the propagation jeometry siown ia Fig. 1.
Using typical i pheric par s, it is shown that the largest contribution =0 the
mean arrival time is the free-space value : c. The largest correction o the space
value is probably still that proportionai 0 the electron content. dowever, scattering
nay ineroduce a further delay of L to 10 na for frequencies less than apout 100 WMz,
™e pulse lengthening effect depends on the frequency f_ defined dy 18], If i, the
original pulse width is substantially unchanged. 1f f<¥gy, the original pulse may de

T T T ——— T

|




2.8
very such lengthened. 1If i3 found thae ¢ i3 rather sensitive o the choice of she
inner scale. Quld be cautioned that®she ‘orward $Catter tneory may decome invalid
if the irner scale is 20 small.

The effects of noise on the determination of the nean arrival time and the zean
square pulse width are jiven by (17) and (i8).
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Appendix B

MEAN ARRIVAL TIME AND MEAN PULSE WIDTH OF SIGNALS PROPAGATING

THROUGH AN INHOMCGENEOQUS TONOSPHERE WITH RANDOM IRREGULARITIES

Y. K. Wong, K. C. Yeh and C. H. Liu

Ionosphere Radio Laboratory, Department of Electrical Engineering
University of Illinois at Urbana~-Champaign

Urbana, Illinois

ABSTRACT

It has been known for some time that as a
dispersive mediun the ionosphere will distort
any radio signal propagating through it. 1In
particular, the signal will propagate with a
group velocity which is smaller than the free
space velocity of light and the pulse shape
will be degraded by being smeared and stretched.
Recent <tudies of random medium propagation
have demonstrated that scattering from random
electron density irregularities can give rise
to further degradation on signals of the kind
Just described. The purpose of this paper is
to investigate the cozbined dispersive and
scattering effects on radio signals in an in-
homogeneous ionosphere.

The ifonosphere is modeled as a slab of
randon irregularities {mdedded {n an {ahomoge-
neous background. The background electron dea-
sity is assumed to be vertically distributed
with an arbitrary profile, although in actual
numerical computations a Chapnman profile is
used. For almost all space communication ap~
plications the wave length is very small when
compared with the scale hetght. In this case
an electromagnetic pulse can be described by
using the WKB solutf{on. In many applications
the precise shape of the pulse is not of great
interest. 1Instead, a hierarchy of coarse
scale descriptions will suffice. This suggests
the use of temporal moments, for which the
first moment is related to the mean arrival
tize, the second moment is related to the mean
pulse width, the third momeat {s related to
the skewness, etc. In solving for these
moments the one-position two-frequency mutuval
coherence function appears naturally. The
mutual coherence tunction in an inhomogeneous
fonosphere is derived and solved approximately
by the WKB method. The results are applied to
propagation of transfonospheric signals. Some
numerical values will be given. They show that
scattering from random irregularities can have
non-neglisible contribution to the arrival time
and can have dominant contribution to pulse
lengthening.
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INTRODUCTION

As a radio signal propagates through the
fonosphere, the signal {s being distorted due
to dispersion and scattering. The amount of
distortion and {ts dependence on medium param=
eters have been studied by various suthors
[Liu and Yeh, 1975; Liu and Waraik, 1975; Liu
et al., 1974; Ulaszek, 1974). Their approach
is adapted from the theory of wave propagation
in a turbulent atmosphere (for a review see
Tatarski, 1971). Central in this approach {is
the solution of the tramsport equition for the
two-frequency mutual coherence function. At
the same time Mark [1974) has suggested a new
method of studying the characteristics of sto-
chastic transients and transmission media by
using power-moments spectra which characterize
the temporal behavior of signals. Temporal
moments of the stochastic wave can be derived
and have also been studied by different authors
(Yeh and Liu, 1977a; Yeh and Liu, 1977b; Yeh
and Yang, 1977] under various conditions.

The objective of this paper is to investi-
gate the combined effects of dispersion and
random scattering on the mean arrival time and
the mean pulse width of a signal propagating
through an inhomogeneous jonosphere with random
irregularities. These quantities have close
relationship with the problems of time delay
and pulse distortion. We first ifnvestigate tle
parabolic equation of quasi-optics [Liu et al,,
1974) from which we obtain the two-frequency
two-position mutual coherence functiors gen-
eralized for a horizontally stratified fnhomo-
geneous background medium. The forward scatter
approximation is used to siwmplify the problem.
The irregularity spectrum discussed here is
assumed to follow a power-law as suggested by
various experimental results. Equations for
the mean arrival time and mean pulse width are
then derived. For specific evaluation of the
expressions, the background electron density
is assumed to have a Chapman's profile. Using
typical ionospheric parameters, some numerical
vesults are obtained and shown in a later sec-
tion.




AWO-FREQUENCY TWO-POSITION MUTUAL
COHERENCE FUNCTION

The geocetry of the problem of interest is
shown fn Fig. 1. A uniform plane wave is trans-
mitted at z=zo and Incident normally on top of
a alab of rnnj%n frvegularicies at z=0. Owing
4 to the orientation of the coordinate axes z
i3 actually negative. The slab of {rregular-
ftfes has a chickness of zg. The wave {s re-
cefved, after emerging out of the slab at zg,
by a recelver located at z=zp. The background
electron density is not shown {n the diagram
but Lt L3 assumed to have a Chapman's profile
with the peak at z .. Since the medium i3 the
comun {cation channel that {s of interest, the
effecty of the transmitting and receiving an-
teonas will not be coansldered.

i The random electron deasity {rregularities
fa the fonosphere can be mathematically char-
acterized by taking the dlelectric permittivity
to be random {a time and space. But to sim-
plify the problem, the varfation of the permit-
} tivity {4 assumed to bde very slow comparing to
the tize that the Ignal will take to pass
through the cedlua. Thus, the dielectric per-
miteivity can bde written as €(r) which s a
random function of position only. The perme-
abtlity ts caken to be uatform throughout the
reglon of laterest and equal to that in free

space. The chavacteristic of the dielectric
L permittliviey s described as
€(® = cgee(>(1+u(®) oY)
wheve
»>
<c(c)> = 1-..,;/...2 (2)

- Nz/mz
i = S LC R E)

Hare w_1s the angular electron plasma fre-
quency Enten is a function of z in our case.

€9 i3 the vacuum permittivity and N(z) denotes
tha background electron density which {s a
function of height with a typical scale hefght
H.  The percentage electron density fluctuation
AN(r) /N (z) i3 assumed to be a homogeneous ran-
dom field with a typical scale size ;.

Starting with Maxwell's equations, assum-
ing time dependence e WE . ve can write the vave
equation (Ulaszek, 1974; Yeh and Liu, 1972) for
the electric field in the form

VZEr2<e (T)> (L (EPE = -V [E-9(ta(L+u(®)])
(%)

where k=w/c. If the irregularities are large
compared to the signal wavelength, the right
hand side of equation (4) can be ignored [Tatar-
skil, 19/1]. This assumption implies that we
neglect the depolarization effects of the wave.
Therefore equation (4), after decoupling the
carteslan components, reduces to the scalar

wave equation

i e
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V2E+k2<e (2)> (1+u(2))E = 0 )

Let u(?) denote the complex amplitude of
the scalar fleld E(r) by writing
z

E@ = o exp(-;kl /< ()>de)  (6)

Substituting (6) into (5) gives
V<>

u+ k2<e>p r u = 0

()

P2u-23k/<e> 3 - gk

If we assume the fleld {s scattered {nto a
small angular cone centered about z-axis, the
forward scatter approximation can be applied
{Tatarskii, 1971]. Actually, in deriving (7),
the valtidity of the WKB solution is implicity
assumed. V4u in (7) can be replaced by the
transverse Laplacian 92u since u {s assumed to
have a negligible variation in z as compared to
one wavelength. Thus the complex amplitude of
the time harmonic field component satisfies
the so-called parabolic differential equation

vZu - 2jk/ees U - gk %"i’- u + kZ<e>pu = 0
z

(8)

where 92 = 31— + ii- .
T 3x2 3y2
In order to study the statistical prop-

erties of the signal, such as the temperal
moments, rms intensity fluctuation, etc., one
needs to first {nvest{gate the statistical
characteristics of the complex amplitude u.
In particular, the two-frequency two-position
wutual coherence function 1I' will be under in-
vertigation. It {s defined as follows

—— *® -
wp(zen,e1)uy(z,0, 0y)>

9

r(zo';l'gzl Jwy,w2) =

where < > denotes the cnsemble average operator
and an asterisk * represents the complex conju-
gate operation. This function has a unit value
for z<0 since in this region the slab of random
irregularities is absent. On the other hand,
though the random irregularity is absent be-
tween z, to the receiver, the function I' does
not equal to unity. This is due o the after
effect as the signal passes through the slab

of irregularities. This will be {nvestigated
later in che session.

The mutual coherence function I' has been
derived by some authors [Liu and Wernik, 1975;
Ulaszek, 1974] but only for the homogeneous
case. It {s a bit more complicated when the
background {s i{nhomogeneous. From (9) we
know that T' depends only on thg distance betwee
the two points Sl-(x\.yl) and py=(x2,y2) i{nstead
of their {ndividual position vectors owing to
the assumption that the fluctuation of the elec-
tron density {s a homogeneous random process




and the 1ncid¢nt wave {s uniform and plane.
Let u,~u(z,p .u‘) and u,=u(z,p;,w,) be the sig-
nals at un.ui ! frcqucncicl vy and w; and at
positions (z,0,) and (z,0,) respectively. From
(8) wve write the parabolic equations for u; and
uz® as

g

9.2y
2 ke T

jli<¢ >
- LSRR O 1157 ST IS
: LB S o

(10)
*
322_ % .__...L__._ v.2u *
¥ ke Tp 2
+[ k2/<¢ > " + l 3ln<gz: “2* -0
2 4 dz

(11)

If ve multiply (10) by u,® and (11) by u; and
add them together, it becomes

h - :J.
= + Py 2 Ly Q2)
vhere
*
Y = uu, (12a)
2 2
v v
Lt V. NURARE L I (12v)
il
Q= .;. (&, <50y - kp/euy)  (12e)
123
P £ Q+ = — (fa[<e><cy2)) (124)
~ ‘ 32

The formal solution for (12), after taking the
ensemble average, i{s given as

> =y, [—LL)—-——L-.“ YIXIE (0)>] ":'

<cy(2)><ey(2)>

22
1 I I <Q(&")Qc") >dg " dg”
. e
[ ]

- 1
1 I < (c)m,(c)j?i
- ) D Real )
2 <e1(2)><c,(2)
(]

T2
%II «Q(2")Q(5") >dg "dg”
. e
Tt
. LT<Y’4( Q3

AR
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vhere vo=v|gug. Here we have assumed Q ia
Cuassian vith zero mean. Further, we assu: -
that the random medium is “delta-function"
correlated along the direction of propagation
80 that Markov's assumption can be used
[Tatarskif, 1971], {.e. ustng the approximation
By(e'=2",0) = Ag(0) $(2'~¢")  (14)
where B.(T) is the correlation function of
AN/N which has a spectrum QN(x) such that

- X0
- ‘n
I oy(xp.0)e r dzrr

AN(g) - I BN(;.z)d: - 2n
3 (15)

TIT . 3 2 "
'N("r’ ) (5-'-) AP) eT P

—

(16)

- »
and x=(x.,x;). Thus, differentiating (13) with
vespect {o z and letting I'=<y> and assuming the
wave {s {ncident normally on the slab, we
obtain

o3 il
ar 22y 2o (x,2%.2) vy
R A L YO N I O 1o

12 -k 2k "2y (1-k 2k =2
+ (6 = (2a(l kp kmHa kp kz )}
. 2 2
& kp' kg +kp?-2k 2

{ (0

.
=2 002k D G2k D) T A(R)]) = 0
an

vhere 9-131-3}, and kp=wp (2)/c.  To solve faor
T 4n (17), let us put I' In the following fornm

s

Iz exp( f Oy T4y -2k, )
i3 3 i 2 L B
0 Gy <k %) (hy "=y )

< Ag(0) &t

1 2k =2y 1ok 2 <2
+ ry taf(1 Ky “ky (1 kp K, )]+ ¢(p,2)]
(18)

“When we put T given in (18) back to (17), it

will give a different equation in terms of ¢
which looks like the following

- 1
3 2y 2 1 (2ek 2y Tye2 2
e g Tt e

. o !
- Ef— ((kl"'-kvz) (kz'-KPz)l 7. Ay(e)
(19)

For veak random irregularities, the non=lincar
term (V. 4)2 in (19) may be {gnored. The ve-
sulting approximate solution is knowm as the
Rytov's solution. With this assumption, (19)
becores




1]

- o X
24 1 102D T = (k2407 T vy -

L F
B (002D 201 T A

(20)

To solve (20), we {ntroduce a new two-dimen-
sional Fourfer tranaform

- yorp
v(rT.x) - ( ) II 0(3,2) e 1 d%

—

(21a)
7 ~fkpp
0(333) - !I “(:Tnz) e * d’(,r

-

Usiug (21b) and (15), (20) becomes

o

(21b)

xy? 2 2y % 2y 2y %
R (OO I A R S

ak - X
- :" L2k D) (k2-kp D) 2 0 (%7,0)
(22)

Let us assume ¢ has a form

2 <} «3
v = Weexp() :}I ((ka 2=k ?) 7-(k;2-k‘,2) M
4 (23)

From (22) and (23), W and ¢ can be obtained and
thus ¢ which {s found to be

$ - ;_ [ kpl. (kl _kp2)(k22_kp2”

-»>
£ II 'N('T’
-
ot

z

i I
2

<

Putting ¢ given {n (24) dack to (18) with the
inftfal condicion I'(z=0) = 1, we obtain finally,

-3
< dg

0) ( )
xp(=§x
exp(-jx_*p

1 3
- expld O S I IS TN

(24)

1
<e, (0)><e,(0)>
r(z,p.ul,uz) of 2 v 3

<¢l(z)><g:(z)t
; ‘xp‘-AN;O) I i -
(klz-kp’)(kz’-kpz)
. (25)
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This {s the two-frequency two-position mutual
coherence function for a horizontally strati-
fied background ifonosphere under the combined
WKB and Rytav approximations. This solution
{s valid for an observer inside the sl % of
randonm irregularities. If the observer {s
outside the sladb as shown in Fig. 1, the solu-
tion (25) evaluated at the base of the slad
(z=z3) will serve as the {nit{al cond{tion for
diffractton of waves below {t, Using the same
approach as shown and putting A, (p)=0 {n (20)
for the absence of frregularities, I' {s ob-
tained. It has the exact form as (n (25) ex-
cept the limits fa ¢ are changed and is given
as follows

" » <
¢ { 3810k 2k, ) (g 2ok 2)

N

L]
kP

- - -
ON(xT.O) exp(-jrr-p)

f Rt

™ ~L 3
rexply T l (02K F =0y 2=y Tlaetaey
(26)

vhere zpdt The first two factors given {n
(25) ave a?so changed. Instead of the variable
z, {t is replaced dy zy. The first factor {s
approxinately equal to unity under high fre-
quency approximation and it is assumed in our
di{scussion.

It {s useful to expand the mutual cohex=-
ence funetion in a saries

27)

vhere n=(k,-k,)/k, and all the T, (i=0,1,2,....)
are {unctlous of i, only. The first three
terms are obtained using the result {n (25) and
(26) and are given as follows

- 2
T=To+Fn+Ton'+ .o

Ty &L (28a)
7.2 '5
yc1 = f ' Cagme) de (288)
&,! 3
2 !
o KU 219 A(0) 2
e w 8, I '% *(zg-Q)di}
0
l
~Ag(0)
o .
R [t
L)
z
v 20 A (0) (B
+-L.1 k. “e(z -¢)%d
mlr——l pt (20 e

19 A )
ey

Rets. o -
: L Kt (ag-0dde)  (280)
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The first term in (28c) will be neglected for
its value {s very small comparing to other
terms in the expression under high frequency
approximation. p is put equal to zero because
the receiver is assumed to be a point.

IRREGULARITY SPECTRUM

It 1s shown {n the previous section that
the propagation of an EM-wave {n a random
medium {s closely related to the correlation,
or the spectrum, of the random field AN/N. In
the fonosphere, through many measurements they
all seem to suggest the i{rregularity spectrum has
the spatial wave number dependence x~P,
commonly referred to as a power-law spectrum.
But there are a few difficulties for a 3-dimen-
sional power spectrum of the form x™P. Firstly,
for p>2, its associated correlation will not
exist. Secondly, for any finite value of p
some spectral moments will always fail to exist.
Fortunately, Shkarosky [1968) introduced an
inner ecale r, along with the outer scale t,,
introduced by Tatarskii{ [1971) to remove the
difficulties by writing the spectrum as

e-n/2

[ ro)
*ix) = 2 f/: -
(2r) K(P_a)lz(x°r°)
2
. Sapalro T Dey G
(rol:z"‘ﬁoz) p/
vhet..:o-llto and K {s a Hankel function of

imaginery argument. oy? is the varfance of
the fluctuation function AN/N. It has an ad-
vantage in using (29) for all the related cor-
relation functions can be evaluated analyti-
cally.

The 2-dimensional correlation Ay(p) de-
fined by (15) for an isotropic random field
can dbe expressed in the form [Yeh and Liu,
1977a)

Ag(o) = A+ Ap? + A" + .ol (30)

Thus, using (15) and (29), the coefficients in
(30) are obtained and are given as follows

A, = 2nr fx - 0\2 ‘(p-z)(‘oro)lx(p-a)/z(‘o'o)

(31a)

Ay = ~Vax T2r, oyl Kp-4)/2 (:oro)/k(‘,_”z(-roro)

(31b)
A= /au§/25rg oy? lip_s)lz(‘oro)lx(’_J)z(xoro)

(31c)
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MEAN ARRIVAL TIME OF SIGNALS

Let us assume the signal be & real pulse
P(2,t) which {s a superposition of plane waves,
i.e. -

2

P(z,t) = I £(w)ulz,w) pr(ju(t-{/:;;lc 4¢) Jdu
g . 32)

where f(w) {s the amplitude spectrum and u is
the complex amplitude with boundary condition
u(ze,u)=l and satisfies approximately the par-
abolic differential equation (ll). The pulse
enters the slab normally at 2=0 and propagates
through the random medium. It is received at
& point z=zp after emerging out of the slab at
zezy. For a real pulse, f(w) and u(z,w) must
be even in w for an isotropic medfum which is
assumed here. The pulse is assumed to have a
narrow bandwidth, f.e. {f w=n +1 where w, is
the carrier angular frequency, then fi<<w..
Hence, the pulse can then be expressed as

P(z,t) = A(:.t)cxp(j(uct-kc I J<cc> 4ag) J4c.c.
s (33

where c.c. denotes the complex conjugate of the
first term and the subscript ¢ represents the
corresponding parameters at the carrier fre-
quency. The complex envelope A(z2,t) is given
as -

Alz,t) = I dn g(n) v(z,R)

o exp{j(ae-(k [ /<e>dg-k, f J<cc>d()))
2 2
S S (34)

vhere g(R)=f(w.+0) and V(z,R)=u(z,nst).

Since we have assumed that the bandwidth of

the pulse is small, thus the function g(R) s
sharply peaked at f=0. Therefore the limits of
the integral in (34) can be extended from == Lo
® as shown.

Now, let us define the n'h temporal moment
by the equation

K™ () = I <A*(z,t) t" A(z2,t)>de

--

(3s)

wvhere n=0,1,2,.... This definition has bdeen
used {n computations of quantum mechanical
packets [Baird, 1972], in studies of wave dis-
persion [Anderson and Askne, 1974) and in cal-
culating the spatial fluctuations of a light
bean [Kon et al., 1974]. The ensemble average
operator is present in (35) because A is ran~
dom. When the expression (34) for A is sub-
stituted in (35) one can tell that the mutual
coherence function will appear naturally.

We ?8tc from (35) that the zeroth temporal
woment M0 (2) s Just the energy in the pulse.




Under the forvaig)lcn:tcr approximation it can

be shown that M (z) equals to constant, i.e.
the total energy in the pulse is conserved.
In this case Lt is convenient to let M(0)(z)=1.
For the time roference, it is convenient to set
a(l)(cs)-o which means that a pulse is emitted
n{ the sending end z_. when t=0. Ir general,
X 1)(rs) is not cqu«i to zero but only L{f the
topressed signal has a real symmetric envelope,
fe. A(zg,t)= A(zg,-t)=A*(zg,t). This implies
that g(ﬂ? must be real and even in N. For sim-
plification, such a symmetric f velope is as-
sumed. For general pulses, M( (zg) must be
subtracted out in order to establish the time
origin.

Having all these assunmptions, the mean
arrival time {s given by

talzguzg) = M) (zp) = | eA*(zg,t) t A (2q,95dc

J“—sl

(36)

Putting A(z,t) givean by (34) into (36) and
using the results from last section, we obtain

(2. -2o)
talzgtg) = -&;—5— +At + gy ey an
where z
T b 3 %
At = k2 1+ 5y 37a
;:;:!‘ l P ( 3 kc2 )dg (37a)
s
3 B; :R N 2
€, - s S e I o (245 ;P ) 43
1 ‘Ckcz “cz ! kp n
S (37b)
-A I
2
ty = %+ (2g-0)d 37
2 2ek." [ kp' + (2g-8)de  (37¢)

77 1s called the mean square bandwidth of the
signal and is defined as

oz 2n [ g(Q) g*(a) a2 da (38)

—n

If the receiver is inside the raandom
wmedfum, (37) {s modified to have different
limf{ts, The contridbutions to the mean arrival
time {n (37) are contained in four terms. The
first term represents the time required for the
signal to propagate a distance 2p-z, in free
space. The second term At is a correction fac~
tor to the first term due to the dispersive
characteristics of the mediua. The third term
t1 ls a higher order correction to the first
two terms and {s caused by the finite bandwidth
fn the signal. This t; is proportional to A%
and the dispersive characteristics of the
redium and can be called a term of higher order
dispersion. For a non-dispersive medium, t;
vanishes. The fourth term t; accounts for the
random scattering and diffraction {n the random
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irregularity slab. The numerical value of A
in (37c) is negative and all the integrals in
(37a,b,c) have positive values. Thus all these
terms tend to increase the mean time of arrival
of the signal,

MEAN SQUARE PULSE WIDTH

The mean square pulse width is defined as

12 (20) W (2p0)?
E L - (39)
W7 (zg) HCOT Tz,

where N(z)(t)- I <A.(z.t) t? A(z,t)>dt and both

-
H(l)(zn) and H(o)(:R) have obtained previously.
The final expression for w2 s given by

2 - 'oz + ‘lz + tzz +_t32 (40)
vhere
1o = M) (zg) (40a)
z
A =7 B
2 a2 (1410 2 J v 40b
A\ z::;:t (1+10 ;;T) ) kp dg  (40b)
4y L

- b Yew or)2
T, ZZE:F (1+21 ;:2)1 kP (zR g)4dg
(40¢)
2

2
R
at
R __2[[ kpzac] (404)
cke W %

In (40), toz {3 actually the wean square
pulse width of the signal at the sending end5
i.e. the original pulse width of signal. Tt3°
is a correction term which is contributed by
the dispersive characteristics of the medium
only. t,2 and 1,2 are the terms that come
about decause of sScattering from the random
irregularities. There is no Aj~term in (40)
because it is negligible compared to all other
terms under high frequency approximation. If
we assume the signal has a Guassian frequency
spectrunm where

1
2 exp(-a2/20 2) (41)

3
g = (20 1’2

then t%‘(‘ﬁ’)-l. Out of these four terms in
(40), with typical {onospheric parameters, T
and t,¢ are the dominant terms. At low fre-
quency, tzz is the largest.As the frequeacy {n-
creases, these two terms will have comparable
values until at a much higher frequency, t
dominants, Some numerical computations ar
shown in the next section.




NUMERICAL RESULTS

In this section, ve are going to compute
some numerical values of the mean arrival time
and the mean pulse width for some typical ifon-
ospheric conditions. The background electron
density {s assumed to have a Chapman's profile.
With the geometry shown in Fig. 1 the z-axis is
pointing downward instead of the usual upward
direction, the square of the plasma wave number
for a Chapman layer is expressed as

(t-2.) 4
- e

(42)

tes o RN . 1
kp€(R) :g;:: cxp[I(l+

vhere N_ is the maximum electron density; q--
the charge of an electron; m-—the mass of an
electron; c--the velocity of light; H--the
scaled height and z --the location of the peak
of the electron density. The integrals in (37)
and (40) can be obtained by making use of num-
erical analysis and a digital computer. They
can also be worked out analyctically.

Let us consider some txpical ionospheric
parameters where N°-1012 o, H=80 km, p=4,
x,=10~4 m~1, r =101 m and oy=0.2. The peak of
the inhomogeneous electron density is assumed
to be at z,-0. The distance between the satel-
1ite and receiver fs usually 35,000 km and the
top of the irregularity slab is about 500 kn
from ground haviag & thickness of about 100 km,
Assuning the signal has a carrier frequency of
250 MHz and having /fi2=27x10 Miz, the mean ar-
rival time is evaluated according to (37) which
gives

t,(z,25) = 0.117 + 7.095x1077 + 3.411x1077
+ 4.278x1079 s. (43)

The time taken for the signal to travel that
distance in free space is 0.117s. Out of the
rest three correction terms, At=7.095x10-7 s.
which is proportional to the total electron
content {s the dominant term. For the given
values that are used in here, t2-6.275110‘9 s.
which is due to random scattering and diffrac-
tion in the random irregularities slab has a
higher vn}uc than that correction factor t;=
3.411x10"7 8. For different set of parameter
values, t; can be greater than t; where they
are given in (I7b) and (37c) respectively.
These three correction terms are plotted in
log-log scale in Fig. 2 with carrier frequency
ranging from 102 to 10% Muz. They formed three
straight lines and their values decrease as the
carrier frequency increases. This is true be-
enuno.an t?c frequency increases, the factor
(1-%p /)R 1s closer to unity. Thus, the
signal seems to propagate in a medium more
nearly approaching free space. But for fre-
quencies between 100 and 200 MHz, the scatter~
ing can {ncrease the time delay dy 10 to 100 ns.

Using the same set of parameter values,
the mean square pulse width 1is obtained as

follows

16

12 = 6.333:10°17 + 2.744x10718 4 2.518x107 11

+ 1.287x1071¢ 42. (44)

For frequency below 1000 MHz, tzz given by (40c)
dozminates the mean pulse width of the signal.
When_frequency is above 4000 Miz, 102-6.333-
10717 §2 dominates over all the others, i.e.
the pulse i{s not being distorted much. It is
found that the frequency range in which the
pulse is not distorted is very sensitive tQ the
mean square bandwi 7. 1f instead of YR =
2ux10 MHz, we use "Ri=2wx) MHz, ty2 will become
6.333'10'15 s and the undtstort!g signal fre-~
Quency range will be 1500 MHz and above.
Furthermore, 132 given in (40c) is very sensi-
tive to the choice of the inner scale r,. In
Fig. 3, the mean pulse width is plotted in log-
log scale with three different values of r,

and renmaining other parameters same as those
used fn (44). For ry=0.1 m, it is still a
question as to the validity of the forward
scatter approximation in the parabolic equation
pethod when the inner scale is so small. But
even when r =10 m, at 100 Miz, the pulse width
is lengthened by more than two orders of magni-
tude.

CONCLUSTON

In this paper, the expressions for the
mean arrival time (37) and the mean square
pulse width about the mean (40) for an EM pulse
passing through a random irvegularities slab
with an inhomogeneous background electron den-
sity are derived. The model that is used is
more realistic in characterizing the ionosphere.
For example, the random i{rregularity spectrum
has a power-law profile instead of a Gaussian
profile used by Yeh and Yang [1977] and the
background electron density i{s allowed to be
inhomogeneous instead of howogeneous. For some
typical ionospheric parameters, the greatest
contribution to the correction in time delay is
At which is proportional to the total electron
content in the medium and is given in (37a).
Nevertheless, the random scattering factor
brings an addition of 10 to 100 na to the time
delay. Actually, the fmportance of the thick-
ness of the {rregularities slab is also being
investigated. It only affects the values t;
given in (37¢c) and it {s shown in Fig. 4, using
the same paraceters as fa (4)). When 24>150 kn
ty does remain the same. It is reasonadle be-
cause we have assuced a Chapman profile for
the electron density. For some other sets of
ifonospheric parameters, the correction factor
t; and t; can be larger and this shows that
the results due to random scattering and higher
order dispersion have important fmplicatioas
for accurate satellite based navigational and
comunicatior systems.

The pulse lengthening effect depends on
the carrier frequency bdbeing used. With a




higher carvier frequency, the signal is less

distorted. It is also sensitive to the inner

scale value that 1s being assumed. Here, {t

should de cautioned that 1f the inner scale {s

too small, the forward scatter approximation Yeh,
may not be valid. Further, the mean square

bandwidth of the pulse also has a great effect

on the range of frequency where the signal is

less distorted. Yeh,
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Abstract. By a sample record we show that the LMT which is UT - 3 hrs. The total record length

i v st caciie b

radio beacon experiments which utilize the Fara-
day rotation technique and the scintillation ob-
servations can be used to observe equatorial ifon-
ization bubbles. In a two-hour period 5 isolated
bubbles have been identified. The depleted total
electron content for one such bubble is 2.2x10!6
electrons/m? and the east-west dimension is about
72 km. This translates to a total depletion of
1.6x102! electron per meter in the north-south
direction.

The purpose of this paper is to report obser-
vations of ionospheric bubbles by means of the
Faraday rotation method using signals transmitted
by the geostationary satellite SMS 1 at 136.379
MHz and received at Natzl, Brazil (geographic
coordinates 35.23°W, 5.85°S, dip -9.6°). Such
bubbles have been observed at the equatorial {ion-
osphere by a variety of experimental techniques,
the most dramatic of which are radar backscatter
maps [Woodman and LaHoz, 1976] and the satellite
in situ measurements [McClure et al., 1977].
These results have been recently summarized [Basu
and Kelley, 1979]. Theoretically the steepened
underside of the ionosphere is subject to Raleigh-~
Taylor instability [Liu and Yeh, 1966a and b]
which, when triggered, will develop nonlinearly
into bubbles. The associated polarization elec-
tric field can drive these bubbles upward to form
plumes [Ott, 1978; Ossakow et al., 1979]. Using
the Faraday rotation technique such bubbles were
inferred in observations of Koster [1976] although
he did not use that terminology. More recently
using the same technique as used in this paper,
Klobuchar et al., [1978] have reported observa-
tions of some very large electron depletionms,
some even over 20% of the background, while Rino
et al. [1978] using the orbiting satellite have
observed many cases that show complex electron
content structures but only few cases in which
their data would suggest a simple depletion cof
electron content. Since September 1978 a polar-
imeter was installed, together with equipment
for scintiliation observations, at Natal, Brazil
on the campus of Federal University of North Rio
Crande. We wish to show one sample record ob-
tained using that equipment.

Fig. 1 shows a record obtained on October 15,
1978. The time marked on the record is given in

Copyright 1979 by the American Geophysical Union.
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has a duration slightly less than two hours. In
this 2-hour duration at least 5 isolated bubbles
can be identified. Experience has shown that a
bubble can be identified by a decrease in the
total electron content as given by the Faraday
rotation effect (shown in the lower two channels
of Fig. 1) and the accompanied sudden increase
in the fading rate and in most but not all cases
also the increased scintillation index (shown in
top channel of Fig. 1). On occasions during
severe scintillations, the signal may fade into
the noise level. At these times, the polariza-
tion of the received wave is of course undefined
and the pclarimeter will drift to any arbitrary
indication. However, as soon as the signal rises
above the noise, the polarization channels will
return to correct indicatiomns, giving rise to
sharpe spikes as can be seen with fairly high
frequency on the bottom channel of Fig. 1 before
0200 LMT. The examples shown in Fig. 1 occurred
past the midnight and these are easier to iden-
tify because the record is usually not masked by
so many spikes. Between bubbles the fading rate
and usually the scintillation index are both re-
duced. During the period after the local sunset
and midnight the scintillation can be so severe
as to make positive identification difficuit.
The bubble that occurred at 0251 LMT depicted in
Fig. 1 shows a depletion of 2.2x101% electrons/m
or about 2% of the diurnal change. The duration
of 8 minutes can be translated to mean an east-~
west dimension of 72 km since spaced station ob-
servations deduce an east-west drift of 150 m/s.
These numbers indicate that the total depletion
of electrons per meter in the north-south direc-
tion is about 1.6x102! electrons/m. Airglow ob-
servations show large extension of the depleted
region in the north-south direction to scmetimes
above 1200 km (Whitney et al., 1978; Weber et al.
1978]. Consequently, the implied total deple-
tion in these bubbles can be very large indeed.
It is interesting to note that large depletions
have been reported as far away from the magnetic
equator as Sdo José dos Campos [Kaushika and
Mendonca, 1974] at which the dip is -23.7°. How-
ever, the nature of depletions reported by them
seems to be quite different from those reported
here.

During the one-month period from September 18,
1978 through October 19, 1978, ninety-four such
bubbles have been observed. A study of their
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statistics and the associated scintillation ob-
servations is being undertaken and will be the
subject of a forthcoming paper.
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Abstract

Transionospheric radio pulses used for communication and
ranging purposes are modified by propagation effects arising
from dispersion and scattering. To describe these effects
guantitatively, it is convenient to use the concept of tem-
poral moments. The zeroth temporal moment is proportional to
energy flow in the wave and is constant in a dissipationless
ionosphere under the forward scatter approximation. The first
temporal moment is related to the mean arrival time which can
be arranged as a series consisting of terms proportional to
fc-Zn' n=0,1,2, . . ., where fs is the carrier frequency.
Here the n=0 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 guantity re-
quired with great precision in ranging applications. The n=1
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 dispersion, finite bandwidth effect and scattering from
random irregularities; the numerical values of each of these
terms are computed in this paper for a Chapman layer. The
second temporal moment is related to the mean square pulsewidth.

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




quency of 100 MHz may be stretched up to several hundred fold in

width, by dispersion and scattering, but such an effect di-
minishes rapidly in importance as the carrier frequency is

raised. These results provide useful information to designers

of satellite-based communication and ranging systems.




1. Introduction

In applications of all weather navigation [l1], 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 multipaths 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-
persion and scattering from ionospheric irreqgularities are both
taken into account. Importance of various effects will 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

AN(Y). The dielectric permittivity is then
e(¥) = eo<ep(2)> (1+u(¥)) (1)

where €, is the free space permittivity, and <eplw,2)> is
the relative permittivity of the background medium obtained

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

<e (w,2)> = 1-m§(z)/w2 (2)




Here.mp is the angular plasma frequency of the background

and is a function of z,and w is the angular frequency of the
wave. The fluctuating part of the dielectric permittivity is

proportional to L (r) which is given by

mé/ujz AN(;)
1-w§,/w2 N(z)

u(r) = - (3)
where N is the background electron density and AN is its random
fluctuating part. By assumption AN has a vanishing mean. In
the analysis of wave propagation, it will be assumed that AN/N
is zero everywhere except in a slab of finite thickness
within which AN/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 z. Let the pulse
be narrow banded with a carrier angular frequency we.

Such a pulse can be expressed as

p(z,t) = a(z,t)expjlu t- ko(3)dg] + c.c. (4)

2z
(
)

0

where a(z,t) is the random complex envelope, kg(2)=w <¢r(m,z)\/c,

c

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

Define the n th temporal moment by

o

‘a) [ tMca(z,t)a*(z,t)>dt (5)

J

-0

M (z)

Here an asterisk is used to denote the complex conjugate

operation. When defined in this way, the zeroth moment M(0)

is proportional to the energy flow. Under the forward scatter

oo 4




approximation, which we assume, this energy flow must be
constant in a dissipationless ionosphere, which we also

assume. Hence
M(O)(z) = M(O)(O) = constant (6)

The first moment provides information on the occurrence of
the pulse. As a matter of fact, the mean arrival time of

the pulse can be defined as
ta(z) = M) (z2)-u) (o)) m(® (7)

This is the travel time required by the pulse to propagate 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 to

the second moment by

(0)

ti(z) = M@ @)mP(2) - el (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
moment, and the concentration of the pulse is related to the
fourth moment. The computation of these higher temporal moments
is not difficult but algebraically tedious. With these

moments, a least square orthogonal polynomial expansion

procedure can be developed to calculate the mean square pulse
shape [(7]. For many applications, such details are not neces-
sary and information on the mean arrival time and the pulse width

will suffice.




2. Mean Arrival Time

Let us place the origin of a cocrdinate 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 zp to zp where scattering takes place.
The dispersed signal undergoes a further diffraction process
in the space z>zy before it is received at zg. The mean
arrival time of the pulse at the receiver is defined by (7),
and its expression derived elsewhere [8] can be rearranged

to give
talzg) = zp/c + a/f % + B/fc"+... (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.:

4
R
o = l_. [ fzdc = 40.3 T (10)
2c 6 P c

The last expression of (10) is obtained when one uses the Inter-
national System of Units with I representing the electron
content in electrons/m?. The term a/fs? 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




systems; its variability has been investigated in several
references (9], [(10]. For example, at a frequency of 1.6 GHz,

018 clectrons/m® is

the excess time delay for I equal to 1
i 52.5 ns. This value of excess time delay corresponds to a
i > distance of 15.74 m which would result in an error if not

£ properly taken into account in ranging calculations. Actually,

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

|

. )
where (v?) /% is the bandwidth of the signal and A, is re-

R

w
1]

a |-

@ jw

Z z z
R R A B
£hdr + 3vT I £2d; + 22 [ £2(z_=-g)dg
J P G 3 P & > p R G
(o]

Za

(11)

e TRy b

lated to the power spectrum of AN/N. The full expression for
A, can be found in [5]. For a power spectrum with the wave

4

number dependence « ', an outer scale t,, an inner scale

ry<<t,, and <(AN/N)?>=02, A  reduces to

A, = -(og/%,)n(R,/ry) (12)

In (11) the first term has its origin in dispersion, actually
the part of dispersion that has the l/fc“ dependence. The
second term in (ll) 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 Na = 1012 electrons,/m?

scale height H = 100 km (13)
peak height h, = 300 km

h]




We also need someparameters related to ionospheric irregu-

larities, which are taken to have the following values.

outer scale 2o 50 km

inner scale r, =10 m

(14)
rms fluctuations oy = 4

—_— 1
bandwidth (vi) /2

1}

10 MHz

A rather large oy value of 100% is used in (14),
which is believed to exist under intense eguatorial scintilla-
tion conditions [l11l]). The irregularities are assumed to be
present throughout this Chapman profile. Since AN/N is
assumed to be a hiomogeneous random process, only irregularities
near the ionization peak are most important in producing scin-
tillations. This corresponds roughly to a thickness of about
200 km. For these values, the scattering term (i.e. the third
term) of (1ll) 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 a given by (10) and 3 given by (l1l) are substituted into

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

by multiplying by ¢, the results so obtained are shown in Fig. 1.
At a frequency of 100 MHz, the a term gives an excess distance of
1666 meters and the B term gives an excess distance of 543.5

meters. As the frequency increases, the a term decreases in

a manner like 1/f.", while 3 term decreases like 1/f.* as de-

picted in Fig. l.
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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 mf, will be measured. Let the cor-
responding mean arrival times be t;(fc) and t,(mfg). Then,

from (9), the distance 2g is found to be

m't, (mfe) -ty (fc) = 8

(15)
m?-1 mif "

ZR=C

+
.
.
| WSS

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 B8 and higher-order terms in (15). Depending

on m, fs and the expected accuracy, the truncation in (15)

may or may not be important. For example, at GHz frequencies,
by ignoring 8 and higher-order terms the indicated two-
frequency measurements will introduce an error not more than
0.1 m, a very small value. However, the same process at

100 MHz will yield an error of several hundred meters which
may be too 1large for certain applications. In the latter
case if the accuracy is important, a three-freguency 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 a term and 8
term of (9). The error thus committed in estimating Zx is
then proportional to terms bevond the g 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 (5], (8]. For ionospheric applica-
tions, some of these terms are unimportant and can be dis-
carded. 1If only the three more important terms are kept, the

mean square pulsewidth at the receiver is

thingl = v ten e T (16)
where
B e
! T (0)
g o ™ o
g o I fp ag
anf, e
%
Ay
LT u S T
T, TR [ £," (2g=0) 242
c z
A
Note that 1, is the original pulsewidth when transmitted

by the satellite, t,z represents broadening contributed by

dispersion and t;?

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

1,0 =1/a67*v7) (17)

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

by

Ay = og/ @R, ?) (18)
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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 rzz and can

be ignored. The effect of pulse broadening through scattering
is depicted in Fig. 2. For the parameters chosen, a pulse at a
carrier frequency of 100 MHz is stretched to 142 times the ori-
ginal pulsewidth when received. However, as the radio carrier
frequency increases the pulsewidth decreases rapidly like l/fc3
until it is approximately equal to the original pulsewidth 1,.
With a further increase in carrier frequency the pulsewidth be-
comes nearly unafifected by propagation effects. The frequency
at which 1,%=1,? is defined as fo. Accordingly,

it A
£o° = 16v7a, f f5* (zg-7) *dc (19)
Za

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

can be written as

£.5 = 1.012x10% Vi N 2/(0,r,?) 20)
e = 1. VIOUTN T/ (L, (

where all quantities are expressed in the International Svstem

2

of Units. For cases in which %y is small in comparison with

- 2

, + the original pulse is stretched to Y2 times its original

width at f.=f_ . When fc>>fe, the original pulsewidth is
unchanged after propagating through the medium. But when

fc<<fe, the original pulsewidth is lengthened tremendously.
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Therefore, in estimating the propagation effects on pulse~-

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

fc relative to fa-
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4. Effect of Obligue Propagation

In all of the above computations, we have assumed that
the waves are incident normally on the horizontally stratified
ionosphere. 1If the waves are incident obliguely 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°. 1In this case, Zp in the
first term of (9) must be replaced by dg, the geometric dis-
tance between the satellite and the user. The integrals for
@ and 8 in (9) and the integrals for Tl: and r:: in (16) must
be carried out along an obligue path. This can be done by

replacing dz by seci dz, where, by Snell's law,
sec i = sec ia[l+(fp2/2fc2)tan2io+ waxl (21)

Here i, is the zenith angle of the ray at the ionospheric
base. With such replacements, the net modification on the
expressions for a and 8 in (9) and on the expressions for t °
and 1,° in (16) can be stated simply as follows. For a, the
expression given by (10) must be multiplied by sec i,;:; or
alternately the expression (10) is unchanged with the under-
standing that I now denotes the oblique electron content. For
8, the expression (ll) must be multiplied by sec i, and a

new term given by

sec i, tan®i £." ag (22)

OvY— N
0
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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
3 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 1,=45° when compared with the
b vertical case. Similar 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 secl/ﬁio, which amounts to a 20% increase when 1i,=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 anisotropic, additional modifications are expected;
but such modifications apvear only 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

estimates can be made only after extending the theory.
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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
carrier frequency. This second term is well-known and has
been studied because of its application in the planned
satellite-based navigational systems ([9], [l10]. The third
term is inversely proportional to the fourth opower of the
carrier frequency and is itself composed of three terms,
each representing the effect produced by dispersion, the
finite bandwidth and the scattering from irregularities.
respectively. 1In a satellite-based navigational system using
two frequencies, 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 term. In such a case the
third term represents the error in ranging measurements. This
error hasavery strong dependence on the carrier freguency,
being inversely proportional to the fourth power of the carrier

frecuency. Numerical estimates show that the error can be

iy

g

v >/
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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 sguare 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 1/f.° dependence and hence
decrease very rapidly with increasing f.+ 1If the original
pulsewidth is tremendously lengthened at low fregquencies
through disp?rsion and scattering, such effects will diminish
rapidly with:increasing carrier freguency. In this connection
i€ is usefulfto define a frequency fo as that frequency
at which thelmean square pulsewidth due to scattering is equal
to the originél mean square pulsewidth. When defined this way,
the original root-mean-square pulsewidth is lengthened to v2
times its original root-mean-square pulsewidth when f.=f,.
For the numerical values adopted fg 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 obligquely.
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.
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1 Excess distance as a function of freguency. The
ionospheric model parameters are given in (13) and
(14). The excess distance correspondlng to the «

1 term of (9) is proportional to l/f and that corres-

ponding to the g term of (9) is proportlonal to 1/fe".

as marked on the graph.

Fig.

2 Relative lengthening of pulsewidth as a function of

Fig.
carrier frequency. The ionospheric model parameters

are given in (13) and (14).
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Abstract

An equatorial ionospheric scintillation program was performed
during the period 27 February - 13 March 1978 in Peru, Brazil, Ghana
and Ascension Island. The purpose of the experiment was to study the
generation, persisterce and decay of the large scale irregularity struc-
ture which is responsible for diffraction of radio waves transmitted
through the ionosphere.

This report stresses results obtained at the Ionospheric Radio
Observatory, which is staffed by the Departamento de Fisica Tedrica
e Experimental, Centro de Ciencias Exatas, Universidade Federal do
Rio Grande do Norte.

The Observatory recorded signals of MARISAT I (1976-17A) and LES-9
(1976-23B), the former at 257.55 MHz and the latter at 249.6 MHz. Dur-
ing the nighttime hours scintillation on beth signals commonly exceeded
20 decibels peak to peak, and some scintillation occurred on 10 of the
15 nights of the experiment. Scintillation measurements performed with

spaced receivers on a 278 meter baseline fndicate eastward {rregularity
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velocities of approximately 30 - 150 meters per second during the

nighttime hours. The fading rates observed ranged from 1 per second

to 6 per minute.

RES S
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Um programa equatorial sobr: cintilagoes ionosféricas foi
realizado durante o periodo de 27 de fevereiro - 13 de margo no Peru,
Brasil, Gana e Ilha da Ascensdo. O propdsito da experiancia era
estudar a produgao persistencia, e decaimento de irregularidades de
grande escala que sao responmsaveis pela difragao de ondas de radio
transmitidas atravées da ionosfera.

Esse artigo da enfase a resultados obtidos no Radio-Obser

vatdrio Iuvnosfarico do Departamento de Fisica Tedrica e Experimental,
Centro de Ciencias Exatas da Universidade Federal do Rio Grande do
Norte.

0 Observatorio gravou sinais dos sat@lites MARISAT I
(1976-17A) e LES-9(1976-23B) nas frequencias de 257,55 MHz e 249,6MHz,
respectivamente. Durante a noite a cintilag3o em ambos sinais excedeu,
frequentemente, o valor de 20 decibeéis pico-a-pico e ocorreram
cintilagGes em 10 noites das 15 noites de observacao. Medidas de
cintilagOes efetuadas usando-se antenas espagadas de 278 metros
indicaram componentes de velocidade das irregularidades no sentido
Oeste-Leste de aproximadamente 30-150 metros por segundo durante a

noite. As taxas de flutuagao de amplitude observadas vao de 1l por

segundo ate 6 por minuto.

v T
. IR 5N s




TE——— T

Introduction: A joint equatorial scintillation program was carried

out from 27 February to 13 March 1978. The program included scien-

tists of the ypiversidade Federal do Rio Grande do Norte, Natal ,
Brasil (UFRN), the Geophysical Institute of Peru (IGP), the Univer-
sity of Texas at Dallas (UTD), the University of Illineis (UI),

Emmanuel College, Boston, Massachusetts, the Air Force Geophysics A

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

The sites operated were at Natal, (Brazil), Ancon, Jicamarca and
Huancayo (Peru) and Ascension Island Station. In addition, the AFGL
Airborne 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 observations and preliminary

results gleaned from the UFRN station at Natal.

Background: From July 1974 to January 1677 the Observatory at UFRN
was observing signals transmitted by the LES-0 (1968-81D) satellite
at 254 MHz. From January 1977 to the present, MARISAT I (1976-17A)
has been observed at 257.55 MHz. The antenna system consists of a

30 foot parabolic antenna which was first installed on a fixed mount

and later on a manually steerable mount. The receiving system con-
sists of a Vanguard converter and an R-390A/URR receiver. Recording
was on a strip chart having a response of about .0l 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 II) it was found
feasible to combine the data and to generate the contours shown in
Figure 1. For purpose of plotting Figure 1, the scintillation index

S1 is defined by the formula

e - T %
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SL = (Ppax=Pmin)/ (Pmax*Pmin) (1)

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

Pnin s the minimum power. It is sometimes convenient to express

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

ST defined by (1) and its relation to other definitions of scintilla-

tion index such as peak-to-peak fluctuation in db and S; index has
been made by Whitney, Aarons and Malik (1969). The plot of Figure 1
shows a high probability of occurrence of substantial scintillation
near the southern summer solstice and a minimum 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 Aarons (1977).

Current Observations: During the 15 nights of the experiment, 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 1378 observed on the signals of MARISAT I
and LES-9 (1976-23B) 1is in agreement with the long term results shown

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

were:

MARISAT I: 5.16° § Lat, 33.71° W long.
LES=9: 3.68° s Lat, 38.2° W long.
[ This spacing furnishes an opportunity to examine the relative timing
of the onsets of strong scintillation. The actual onset times were, to
; the best accuracy determinable from the chart records,
i MARISAT I 2155 UT

LES-9 2159 UT
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Because the distance between the 400 km ionospheric intersections is *#
too great ( §31 km) to be traversed by the normal irregularity drift :
in the measured time, it must be supposed that the onsets represented

the generation of two separate irregularity clouds. In this example,

the easterly location first encountered scintillation.. In earlier
work (Bandvapadhvay and Aaroms, 1970) scintillation was commonly seen
earlier in the west, but a considerable number of observations was
found in which scintillation was first seen on an easterly path as

it was seen here. Scintillation occurring earlier in the east would
naturally be expected because of the earlier arrival of nightfall in
that direction. However, the angle of elevation effects can often
enhance the effects 0f weaker scattering lavers and present the appear-
ance of having scintillation in either direction. For high angle ob-
servations, however, first occurrence in the east is most likely
(Koster, private communication, 1978). The scintillation seen in
Figure 2 was quite intense, exceeding 30 db on MARISAT and 16 db on
LES-9. The differences in the scintillation levels from these two
satellites can be attributed in large part to the differences in
receiving equipment, the MARISAT receiver utilized a 30-foot parabolic
antenna having a nominal gain of 25-db whereas the LES-9 equipment
used a single yagi with a gain of 12 db. This continued on both
channels for about 4 1/2 hours. There 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-ionospheric locations, but having strong gradients which

produce the patterns seen in Figure 2.
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Other observers (Aarons, Whitney and MacKenzie 1978) have, in
this program, noted that the irregularity patch expanded westward
shortly after sunset at the laver (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 multifrequency observations
of MARISAT. During the program this system recorded the 257.55 MHz
signal of MARISAT and by interconnection enabled drift measurements
to be made. A helical antenna with a gain of 16 db is used as com-
pared with 25 db gain provided by the 30-foot 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 278 meters i
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 evening of
March 9, 1978.

Fig. 4 shows the behavior of scintillation during the evening
of March 9, 1978. Evidence of scintillation first appeared at 2154 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 fluctuations were 15 db, which corresponded to a S, scintillation

index of 0.63. About 10 minutes later the scintillation reached its

—— e v e

s T SO ..

BRE b bass mida o s o



wi

maximum at 20 db (corresponding to §;,=0.80). It staved at this high

value for about 40 minutes, after which a gradual decay phase set in.

This decay continued for more than five hours until the scintillation
completely disappeared at 0440 UT March 10, 1978. During the same

time the fading rate had a behavior shown in the middle panel of Fig. 4.

Because of the slow recording speed before 0020, which made scaling

the fading rate impossible, the fading rate data were available only
frer 0020 UT. 1In this preliminary report, the fading rate is defined

as the average number of maximum per second fn a record of one minute

duration centered about the time of interest. 1t {s seen in Fig. &4 that

1

the fading rate decreased continuously from nearly 1 sec shortly
after midnight to 0.1 sec! in three hours. During the same time the
time delay of the fading patterns observed at spaced stations increased
steadily from less than 2 seconds to more than 6 seconds as depicted by
the curve on the bottom panel of Fig. 4.

The apparent anticorrelation between the fading rate and the time
delay as evidenced in Fig. 4 is interesting and needs further investi-
gation. Since the baseline distance and orientation are known, it is
possible to compute the component of the drift velocity along the base-
line. The results are shown in Fig. 5. The eastward drift was approxi-
mately 150 m/s shortly after the midnight and it decreased steadily to
a value of approximately 30 m/s at 0400 UT. The average trend of the
fading rate obtained by replotting the data shown in Fig. 4 is also
depicted in Fig. 5. Both the velocity curve (marked V) and the fading
rate curve (marked F) showed a decreasing trend. This is expected:
since under the weak scatter limit and the frozen-in hvpothesis, the

scintillation theory predicts the fading rate to be directly aroporticnal
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to the irregularity drift speed. However, when the scintillation gets

stronger, the multiple scattering effects are expected to become in-
creasingly important. Theoretical computations have shown that effects
caused by multiple scattering will actually decrease the correlation

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 decreasing through the

period of interest, it may explain why the average rate of decrease
of the fading rate was quite different from that 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 is

correct it may also imply that the irregularity spectrum did not change

much in the period of interest.

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

tillation observations made at Natal. It is shown that at 250 MHz,
the peak-to-peak fluctuations can often reach a value as high as 30 db

which corresponds to an 54 scintillation index of nearly unity. With

such a high value of S; index, the multiple scatter effects are cer-
tainly important and the fading signal must be well {nto the saturation

regime. Long term observations show that the scintillation activities

at an equatorial station such as Natal are highly seasonal and occur

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

in one instance, an eastward drift of nighttime irregularities with a
velocity 150 m/s shortly after OOUT and decreasing to 30 m/s in about
four hours. Such drift measurements have implied consequence in the

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

tinued and more detailed results will be published in the future.
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Figure captions

Fig..l

Fig. 2

Fig. 3

Fig. 4

Pig. S

Percentage occurrence contours showing scintillation index SI
having a value greater than 6UY. Data from Marisat 1 at 257.55 MHz
and data from LES-9 at 249.6 Mlz are combined to generate this
figure.

Comparison of scintillation index in db for signals transmitted
by Marisat 1 and LES-9. .

Amplitude scintillation of 257.55 MHz signals transmitted by

the geostationarv satellite Marfsar 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 {s
upwards for the top channel and downwards for the bottom channel.
For writing clearance the two channels are offset by one small
division which, for the chart speed used, corresponds to 0.5
second. Notice the correlation of signals between these two
channels.

Peak-to-peak scintillation, fading rate and time delay of
scintillating signals during the evening of March 9, 1978.

A comparison of the fading rate (F) and the eastward drift
velocity (V).
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Observations of Equatorial Ionospheric Bubbles
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OBSERVATIONS OF EQUATORIAL IONOSPHERIC BUBBLES
BY THE RANDIO PROPAGATION METHOD

K. C. Yeh*, H. Soicher* and C. H. Liu*
*Department of Electrical Engineering,
University of Illinois, Urbana, Il 61801
*Center for Communication Systems US Army Communication
Research & Development Command Fort Monmouth, NJ 07703

Abstract

Recent data collected near the magnetic eguator 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 Ravleigh -
Taylor instabilities which, when triggered, will cause a
region of depleted ionization to rise as bubbles. When

such regions are traversed by a probing radioc wave, the
assocliated Faraday effect is expected to show depletions of
the electron content. This vaper describes some experimen-

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

dip-9.6°) by monitoring radio signals transmitted by the
geostationary satellites MARISAT 1 and SMS 1. Using ioni-
zation depletions as indications of bubbles, statistical

| studies of occurrence, size and magnitude of perturbhations
are carried out. The most rrobable depleticns for the oro-

E pagation path under study have values in the range 1 to

4 X loxs electrons per meterz, but depletions as large as

. 1.2 X 10'7 electrons per meter’ have also been observed. The
average durations for each observed bubble may vary from less
than 2 minutes to over 30 minutes with an averace of 8 minutes.
The experimental data further show that the scintillation rate

may increase suddenly when these bubbles either form along or

drift across the propagation rath.




produce the patterns seen in Figure 2.

Introduction

Recent flurry of activities at the magnetic equator has
helped to reach some understanding about the nature of one
kind of ionosvheric perturbations occurring at night.
Such 1ionospheric 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 [Woodman
and LaHoz, 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
horizontally [McClure et al., 1977] or as the rocket tra-
verses nearly vertically [Kelley et al., 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 al., 1974; Morse et al., 1977; wWoodman
and Basu, 1978]. Based on propagation measurements, the
occurrence of these bubbles have been shown to be correlated
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 [Rottger, 1976). On the theoretical side, the
attention has been mainly focused on some typve of plasma

instabilities. Early investigations have shown that

b e 2
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the bottom side ionosphere is subject to Rayleigh - Taylor

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

- 9N'

LR Bl {1)
in

where g is the gravity, N is the electron concentration, N'
3 is its height gradient, Vi is the ion-neutral collisional
frequency and 8 is the effective attachment coefficient of
electrons. Recent numerical simulations show that a plasma

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

generalization or any other fluid type gradient instability

must evolve nonlinearly so that as the depletion increases
the nonlinear polarization E x B forces in the egquatorial
geometry can drive the depleted region upward through the
ionization peak to the topside ionosphere [Ossakow et al.,
1979]. sSuch a process is apparently very sensitive to back-
ground conditions as the computed bubble rising velocity has
been found to vary from 2.5 m/s to 160 m/s.

Analytic treatment of the same problem [Ott, 1978] has
shown that the initial bubble rising velocity depends on the

amount of depletion and is given by

N°+Nb Vin

. where N, is the background electron concentration and Ny is

the electron concentration inside the bubble. Aspects of roth
observational results and theoretical investigations have been

recently reviewed [Basu and Kelley, 1979; Ossakow, 1979].
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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.




_____ tesults Will be published in the future

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°wW, 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°Ww, transﬁits 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 statiocons 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 displacement
can be used to compute the drift wvelocity. Additionally, the
amplitude of an L band signal at 1541.5 MHz transmitted by MARISAT
1l is also received at one station for scintillation studies.

Fig. 1 is a picture of the sample record of signals trans-
mittedby SMS 1. The time gces from left to right with hourly values
marked in LMT which corresponds to UT - 3 hr. The top channel
shows the amplitude, the middle two channels show the plane of
polarization in a ramp format with one displaced by 90° from
the other, and the bottom channel gives effectively the middle
portions of the polarizatiocn curve given by the two middle channels
except the sense of the plane of polarization rotation is reversed.

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




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!’
electrons/m? in the total content. Two depletions can be
easily seen in Fig. 1 and both are accompanied by the increased
fading rate and the increased scintillation index. During

the one month period from September 18, 1978 through October 19,
1978 ninety-four such isolated Adepletions have been identified.
We shall call these isolated depletions bubbles since by
inference they are most likely the very bubbles or plumes

seen by radars and satellites. 1In the followinc are given

the statistics of these 94 cases.

Fig. 2 is a histogram showing the occurrence time deter-
mined from the SMS 1 data such as Fig. 1. It is clear that
these bubbles occur exclusively at night, between 19:00 hour
and 04:00 hour, with a major veak in 20:00-22:00 hr. and perhaos
a minor peak in 02:00-03:00 hr. This occurrence time 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 communication from J. P. Mullen Air Force Geo-
physics Laboratory). Here the Scintillation 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 f

shows that bubbles and high scintillation index occur nearly
coincidentally in the early evening part of the scintilla-

tion activities but not in the latter part. This apparent

discrepancy may be explained in part by the observation that

early evening bubbles are longer lasting, occur more frequently

A S

and sometimes in successions, and generally are associated

RS

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
Big. 3

During the two-week period shown in Fig. 3 the geosta-
tionary satellite SMS 1 was transmitting continuously and
scintillation 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-

iy

tuations usually become very intense in just a few minutes.

> This behavior should be contrasted with that occurring near
the termination of scintillation where both the scintilla- :
tion index and scintillation rate decrease gradually before ¢

complete cessation. Superposed on scintillation events

e o e st
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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 midnight are obviously more numer-
ous than those occurring after the local midnight. Actually,
the scintillation before midnight is usually so intense that
it often makes scaling difficult. 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 4x10'®
electrons/m?, but depletions as large as 1.1x10!’ electrons/m’
have also been observed. This is about 16% of the total diurnal
change which has an average value of 7.0x10!7 electrons/m?.

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.




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 dB, the rate of
fluctuation in number of maximum per second determined from
a record of one minute duration and eastward drift velocity
in m/s, all analyzed from 257.55 MHz. The bottom panel refers
to peak-to-peak amplitude fluctuations in 4B at 1541.5 MHz.
During the period of one ho?r forty minutes shown in Fig. 7,
the scintillation at 257.55 MHz was very severe, hovering around 204B
(egquivalent to Sy scintillation index of 0.8) except perhaps
around 00:15 during which the peak-~-to-peak fluctuations were
drooped to about 5 4B (equivalent to S4 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 first 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 finish. 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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Discussions and Conclusion

The kind of equatorial ionization depletions observed

by Faraday rotation technique discussed in this paver has

been first reported by Koster [1976]). By monitoring VHF
radio waves transmitted by the SIRIO geostationary satellite
and received at Ascension Island, Klobuchar et al. (1978]
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 scintillations 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 multiple-frequency 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 paper; but scintillations 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 Fresnel filtering effect [Wernik and Liu, 1974], i.e.
the scattered power comes mainly from irregularities of
Fresnel size lpa/;T where z is the distance between the region

of irregularities and the receiver and A is the radio wave-
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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/£F 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-
4 plain the sudden increase in fading rate during the presence of
a bubble. Since the observed scintillation is fairly severe,
the above weak scatter theory is really not valid. According

to the multiple scatter theory (Yeh et al., 1975], the correla-
tion distance of the received amplitude may actually decrease

with increased scintillation index due to randomization effects.

Experimentally, the control of scintillation rate by the Fresnel
filtering effect 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
can still be employed and it predicts that an increased irregu-
larity strength is accompanied by the increased scintillation index.

This interpretation is further supported by the fact that the
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fading rate should be proportional to Vf 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 (0.38/0.18)=2.1. 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 scintillation 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 scin-
tillation mechanism may be desirable. Interference of grazing
rays reflected from bubble ionization walls as proposed by
Crain 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 1.0x10!! electrons/m?®
density for a region extending in 110 km in height. This
amounts to an electron content depletion of 1.1x10'® elec-
trons/m? which is near the lower boundary of the most probable
depletions given in Fig. 5. Based on our observations, deple-
tions as large as 10 times larger than those computed by

Ossakow et al. [1979] are possible.

P e A B LI S ) D TN s




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
3x10'® electrons/m? as shown in Fig. 5. This gives the
average depletion inside each bubble a value of about 2x102!
electrons per meter in the north-south direction. Airglow
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 3x1027 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.
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Sample data of 136.379 MHz signals transmitted by

the geostationary satellite GOES 1 and received at
Natal, 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 amplitude 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°. 1In
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.

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 Natal for
the same period but in a different vyear.

Diagram showing occurrence of scintillation (indi-
cated by thin lines) and of bubbles (indicated by
thick lines) for a two-week period in October 1978.

Histogram showing bubble durations deduced from data
such as shown in Fig. 1 for the same period shown in
Biges 2,

Histogram showing depletions of the total electron
content inside the bubbles for the same period shown
10 Fig. 2.

Scatter plot showing electron content depletion vs.
bubble duration.

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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IMPLEMENTATION OF AN L-BAND AND C-BAND RECEIVER

by

Y. P. Wei

P AT




3 0

ACKNOWLEDGEMENT
I would like to thank Dr. K. C. Yeh and Mr. K. S. Yang
for the great help and advice they gave me while working on
this project. I also want to thank Mrs. Linda Houston for
typing this manuscript.
This work was supported by the U.S. Army Research Office

under the grant No. DAAG 29-76-G-0286 and DAAG 29-78-G-0101.




iv

TABLE OF CONTENTS

INEradnction . i« « = & & & % & 5 9w &

1.1 General description of the C-band

receiver system . . - .
1.2 General description of the L- band
receiver System . . -+ s & 5 « & s s
1.3 Madel Biraceiver. . = s s 2 & s a e

A Detailed Description of the Frontend .

2.Y CRntemai e Lot il TN e i T e el
2.2 Demultiplexer . . . - S
2.3 The frontend of the C band recelver
2.4 3850 MHz phase locked oscillator.

255 SRP Braanp’ . S s el i b s
2.6 Bandpass filter . . « - i< s o W s
2.7 Mixer M2040 ¢ . o & i o s w aa

A Detailed Description for the Backend

10 MHz Crystal Oscillator . . . . .
50 MBZ BEL« « < Jlc <& o .
Frequency doubler and drlver
Frequency divider by six. . .
116 2/3 MHz bandpass filter
Amplifiefges i 5 davmi e et e w s s .

o o e e

AU WN -

LWwwwuww

Receiver Performance . « s « =« & % s s

4.1 Linearity test of C-band & Model B

FECOIVEES o .« & & 4. & 5 % “ wlw
4.2 Gain and signal-to-noise ratlo in C-band
and L-band systems. : . . « s+ .
CONCLUBION « el s cflliy e w i Bl w s v
BEBENOAR. « v v wow Te NSRRI RO R e

(1! Test points and check of phase lock.
(¢} 31 ab attenuator . v » &« « « & .

RELGECICER ¢ w w & % 8 # . 4 8 8- 8 4 % Wow o

S g s g

¢ o e

« o e s




Figure

1

ro

o

-

21

v

LIST OF FIGURES

Correlation distance as a function of fre-
tuency [after Yeh, Liu and Youakim, 1975]. .

Normalized correlation intervals as func-
tions of signal frequency (after Umeki et
BEeyp AITTL v v e s s s T T,
Block diagram of the C-band receiver system.
Block diagram of the L-band receiver system.
Schematic of the demultiplexer . . . . . . .

3850 MHz phase-locked oscillator . . . . . .

The amplitude response curve of the
3945.5 MB: bandpass FilEer . = « « « s s &

Block diagram of 10 MHz crystal oscillator
Schematic of the SO MHz PLL. . . ¢ « « «
Block diagram of a phase-locked loop . . .

Schematic of the oscillator circuit in
SU MRS PRL o & ik % a0 e ie o .

Schematic of 50 MHz amplifier. . . . . . .
Analog signal is converted to TTL level. .
Schematic of cOMPATALOr. « & & & w o v & 4 «
Schematic of frequency doubler and driver.
Schematic of frequency divider by six. . . .

Amplitude response curve of 116 2/3 MHz
DENAPASY L1LICEE: ¢ v @ ¢ v ai RN Rl s

Schematic of model B Griver.: « « « v o« + « &

Linearity test for C-band (backend) and
model B receiver (plug=in #1). . . . . .

Linearity test for C-band (backend) and
model B receiver (plug=in #2). . . . .« ¢«

Power level detector . . . . . .

Page




vi

LIST OF FIGURES CONT.

Figure Page

Setup of power level detector. LB SR e

23 Schematic of the 31 db attenuator in 1 db
SEEDS. . . . . ST i -

23 Configuration of the resistive T-network

TR Aoy s o e

¢ inow 89

|




> AN L 08 BB < o

A ' 2 P AT e A S P i e

vii

LIST OF TABLES

Table Page
1 The measurements on the demultiplexer network. 13
2 Linearity test of the backend of the C-band
receiver . . .. . . T S R S e T
3 The measurements on the test points. . . . . . 54
4 Design of 31 db step attenuator. . . . . vy 0t
DRI —— S —— R —




L Introduction

When a radio wave propagates through the ionosphere,
the sometimes present irregularities can scatter radio wave
energy and will cause fluctuations in the wave parameters
such as amplitude, phase, direction of arrival, etc. This
is known as the ionospheric scintillation phenomenon. The
study of the scintillation of transionospheric radio signals
plays an important role in satellite communications and geo-
physics. 1In these applications, it is important to know the
dependence of scintillation on radio fregquencies. Yet, early
experiments were made mostly in the HF & VHF ranges, usually
with a single frequency. Some with simultaneous measurements
at two frequencies and very few of these measurements were
made at several widely spaced frequencies. Because of the
expected strong dependence on frequency, it is anticipated
that multiple scattering may take place in the ionosphere at
a frequency of 500 MHz or even higher. Thenretically, the
multiple scattering 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 with frequency. For freguencies less than
about 500 MHz, multiple scattering played an important role
in making the correlation distance to increase with frequency.
(Fig. 1)

In 1976, simultaneous scintillation data from the ATS-6

Radio Beacon Experiments for signals at 40, 140, 360 MHz
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offered an opportunity to study the frequency dependence of

the scintillation phenomenon [Umeki et al., 1977]. Their
results are reproduced here and shown in Fig. 2. From this

figure, the four curves can be analyzed as follows:

Curve l: Fresnel 2one relation dominates.

Curve 2: With stronger scintillations, multiple
scattering becomes more effective. In low
frequency, correlation interval 1 decays more
slowly.

Curve 3: The scintillation at the low frequency ranage
is 80 strong that multiple-scattering effect
dominates in the region, but for high frequency,
single scattering is still valid.

Curve 4: Multiple scattering effect dominates in all

frequency ranges shown in the fiaure.

The observational results compared favorably with theoretical
predictions given in Fig. 1. If we want to get the =simultaneous
scintillation data in GHz range to study the multiple scatterinag
effect, then measurements at L-band and C=band frequencies will
be useful to see how the observational data are compared with
the theoretical predictions.

The understandina and prediction of the scintillation
phenomenon are vital to the desiun and operation of satellite
communication systems. On the other hand, the scintillation
data contain valuable information about the physics and

dynamics of the ionosphere. The project is concerned with

e SRRt > ==
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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-
lish 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-band 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 collecting long-term
statistics of the phenomenon.

In the following two sections, we shall describe simply

the block diagrams of the C-band and the L-band receiver

systems.

Ik General description of C-band receiver system
The antenna system composed of antenna and parabolic

reflector receives the C-band and L-band signal simultaneously.

The demultiplexer separates the C-band signal from the L-band
signal and channels them to corresponding receiver. The C-band
3 receiver system is composed of the basic frontend and the back-

s end. A block diagram of the C-band system is shown in Fig. 3.

E.
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Figure 3. Block diagram of C-band receiver system.
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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
requiring a 3850 MHz LO signal. This LO signal is generated
by multiplying by 33 times a 116 2/3 MHz reference supplied
by the backend. 1In the backend this reference signal is
directly synthesized from the 10 MHz reference oscillator
output. The 3945.5 MHz C-band signal is preamplified in a
low noise transistor amplifier, then filtered and mixed with
the 3850 MHz reference to generate the 95.5 MHz IF that
feeds the backend. In the backend, this 95.5 MHz IF is
further down converted with the 116 2/3 MHz reference to a
21 1/6 MHz 2nd IF signal. Then finally a model B
receiver is used to detect this 2nd IF signal. The output
of the model B receiver (AGC voltage) goes directly to the
multi-channel digital data logging system with the voltage
range from 0.2V to 0.8V and a signal dynamic range of 20 db.
This multi-channel data logging system is fully described in

a separate report [Yang and Hearn, 1977].

1.2 General description of L-band receiver system

The block diagram of the L-band receiver system is
shown in Fig. 4. The reference for the L-band receiver is
the crystal controlled LO oscillator MO-108XC with the fre-
quency set at 1430 MHz. This signal is derived by multiplying
a 102.14286 MHz reference frequency l4 times. The L-band

signal is first preamplified and then mixed with the 1430 MH=z
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reference and resulted in a 111.5 MHz IF output. It is
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-
put to the data logging system for eventual recording on

magnetic tapes.

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 KHz by fixed ceramic filters. The receiver em-
ploys an automatic gain control such that the output is
logarithmically 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
four channels of the data logging system should range from
0.2V to 0.8V into 100,000 ohms. Checking the voltage range
0.2V to 0.8V with the Figs. 19 and 20, we find 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 KHz, the input of the model B receiver in the C-band
system will fall within this bandwidth because the stability
of the 10 MHz reference is 101l and the signal coming from
the satellite is precise enough. In Chap. 4 we will talk

about how to operate the model B receiver in C=-band system.
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2. A Detailed Description of the Frontend
23 Antenna

The antenna used in the C-band system is an AEL Model
APN 101B antenna for the parabolic reflector AEL model
ALN 122B.

The model APN 101B is a pyramidal log periodic feed
antenna with a frequency operating range 1 to 11 GHz. At
4 GHz, its 3 db beamwidth for the E plane is 58° and for
the H plane is 61°., It has 8.7 db gain for a linear iso-
tropic source at 4 GHz. The VSWR at 4 GHz fregquency signal
is 1.9 referenced to 50 0 impedance. The antenna receives
the C-band and L-band signals simultaneously and they are
separated by a demultiplexer. C-band signals then go into
the C-band receiver and L-band signals the L-band receiver.
The parabolic reflector ALN 122B has an effective diameter

& Le.

4.2 Demultiplexer

The primary function of the demultiplexer is to separate
the L-band and the C-band signals coming from the feed antenna.
The schematic of this demultiplexer 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:

£ \ \/2 /4
1541.5 MHz 19.4481 cm 9.72405 cm 4.862025 cm

3945.5 MHz 7.59834 cm I+ 719947 om 1.899585 cm
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0.30465\p,
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2¢|-1 L
0.22024), —=—
[ ‘ QUTPUT
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Figure 5. Schematic of the demultiplexer 5
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Because of the wavelength difference, it is possible to
create the transmission line dimensions which correspond

to either open or short circuit conditions as desired.

e

Referring to Fig. 5 at point A looking in direction 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 Ac/2 at B looking in the direction

1. But for L-band the shorted \c/2 corresponds to a shorted
0.19535 \L, which presents an input impedance of Bl. This
input impedance can be easily computed. From microwave trans-

mission line theory, we have

2gy = 3 50 tan(0.1953x360°)

B
= j 139.842Q

at L-band assuming loss-less condition. If we connect in

parallel at B2 an impedance -3j 139.842Q at L-band, then as

far as L-band is concerned, the parallel combination Bl 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 loocking in the

direction 2 at B of 180°-70.3257° = 109.6743° or a length of

109.6743°

360° \f, = 0.3046501 }p = 5.92488 c(a.

At point A looking in direction 2, the same reasoning

will apply except L and C are interchanged.

At Cl Xcp = 3 SO tan(1.27976x360°)

= -j 264.275% at C-band




13

Hence the required length C2 is

(180°-100.7135°)
360°

x A = 1.67346 cm
c

This demultiplexer network was actually built with two
halves made of brass. 1In 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
Insertion loss (db) 0.2 0.45
Isolation (db) 29.5 23.58
VSWR with matched load 5 P i
VSWR with antenna and cable 1.9 35

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.

o I The frontend of the C-band receiver
The frontend of C-band receiver is contained inside a
sealed metal box to shield from possible external noise

sources. The block diagram has been shown in Fig. 3. The

RF input comes from MARISAT-1 satellite at a frequency of
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3945.5 MHz that has been demultiplexed by the demultiplexer.
After feeding through the RF preamplifier 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 applied and multiplied
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 RF 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 reliability
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 verv 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. After
being multiplied by 33, it becomes 3850 MHz. The input of
this phase locked oscillator comes from TP7 shown in Fig. 3.
At TP7 the power level is 4 dbm. Because it is transmitted
via a long cable, the power level will be attenuated to
approximately 1 dbm when it reaches the oscillator. The
power supply voltage of this oscillator is -20V+1.5%, so a

-20V power supply will be needed. This oscillator will output
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10 dbm R.F. power. It's buffered by a 3 db attenuator before
feeding it to the mixer.

On the unit 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-
cause in the process of looking for lock, the VCO control
voltage is swept. If unlocked, a 18V 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 +2.53V dc.

2.5 RF Preamp

The solid state RF low noise amplifier is manufactured
by Amplica. The input at 3945 MHz will result in 45 db min
+ 0.3 db gain after it is passed through this preamplifier.
The noise figure is 1.8 db max within the frequency band.
The RF preamplifier is the only amplifier that amplifies
the signal received from the antenna by the frontend of the
C-band receiver. The input and output both have 50 ohm

impedance with VSWR 1.5 max.

2.6 Bandpass filter

The purpose of the bandpass filter manufactured by
CIRQTEL is to suppress the 3754.5 MHz image band. There
are two possible bands of frequencies of RF signals which

can be mixed with the 3850 MHz LO to produce a 95.5 MHz IF:

— e | e SRR YL [ e L R S R

e

-
3
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One is 3945.5 MHz2, the other 3754.5 MHz. Since only the
3945.5 MHz input is desired, the 3754.5 MHz signal band in
reality adds noise to the system. Since the signal to noise
ratio is only 7 db for the input signal band to the RF vreamp,
noige from the image band will reduce that further to only

4 db which is definitely not adequate. Therefore a bandpass
filter must be used to filter out this image band. The
specifications for the filter are =2.5 db maximum at 3945.5
MH2 and =40 db minimum at 3745.5 MHz. Thus, it is able to
suppress the image noise source (3754.5 MHz2). Its amplitude
responge curve is shown in Fig. 7. The bandwidth (the fre-
quency width between two 3 db points) is 130 MHz. The output
and input impedances are both 50 ohms and the connectors is

of N=type M/F connectors.

2.7 Mixer M2040

The double balanced mixer M2040 manufactured by Western
Microwave has a fregquency specification range of 2-4 GHz, IF
bandwidth D.C.~1.2 GHz and LO power input of +7 dbm. It is
a balanced mixer which down converts the signal coming from
the RF preamp (3945.5 MHz2) with the sianal of phase=-locked
local oscillator (3850 MHz) to an IF frequency of 95.5 MHz.

The conversion loss at 3945.5 MHz is 6.2 db. Since the power

of the RF input at R shown in Fig. 3 ig =86.9 dbm, the IF

output will be =93,1 dbm.
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3. A Detailed Description of the Backend

The block diagram of the backend of the C-band receiver
is shown in Fig. 3. The input to the back-end comes from 1
mixer M2040 which mixes the antenna signal (3945.5 MHz) and
3850 MHz reference. So the frequency of the input signal is
95.5 MHz. .Amplified by the 1lst 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 panel. 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 detail in the following.

vk 10 MHz Crystal Oscillator

The HP Model 10544A 10 MHz crystal oscillator is extremely
stable. The stability (Af/f) is 10°11 in one second average.
Its aging rate is better than leo‘lo/day. This rate can be
expected to gradually decrease and typically will reach 1.0\10'10
within one year. The coarse tuning permits periodic adjustment
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
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will take 24 hours to stabilize the output frequency. The
temperature of the oscillator 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 unit indicates
the temperature condition of the oscillator oven. The signal
voltage level depends on the value of oven supply voltage at
pin 14 and 15. The schematic of the 10 MHz crystal oscillator
is shown in Fig. 8. Duty cycle of the signal at pin 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 com-
parator compares the phase of the input signal with the VCO
phase and generates an error voltage, Vg(t), that is related
to the phase difference between the two signals. This error
voltage is then filtered and applied to the control terminal
of the VCO. If the input frequency, fg, is sufficiently
close to f,, that is within the capture range, the feedback

nature of the PLL causes the VCO to synchronize or to lock
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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. 1l1.
It works as a voltage-controlled oscillator (VCO) in block

diagram of a phase-locked loop.

At first, we look at the MV 1628 varactor which func-
tions as a variable capacitor depending on the applied voltage.
The formula for the junction capacitance 1is
Cyo ‘
(l-VJ/,PB)ll
Cy = Junction capacitance
Cyjo = 2ero biased junction capacitance
PB = Jjunction potential
M = grading coefficient
Vs = Jjunction voltage (positive for the forward bias

and negative for reverse bias)

Because the MV 1628 varactor is always reverse -biased,
VJ is negative. When VJ decreases (more negative) Cy will
decrease and oscillating frequency fo increases. Inversely
if VJ increases then Cy increases and fy decreases. The
loop reactance decides the oscillating frequency.

The VCO control signal V4(t) coming from phase compara-

tor MC 4044 changes the reverse voltage of the MV 1628 varactor.
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This 1s just a negative feed-back system to make fo locked
to the 10 MHz crystal oscillator. From the data of the
measurement, V3(t) ranges from 2.30V to 2.80V.

To trim the oscillator frequency fo to be exactly 50 MHz,
we can adjust the series variable capacitor ranging from
99 pP to 13 pP.

50 MHz amplifier:

As shown in Fig. 12, the transistor 2N5179 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 Ipp multiplied by 2k
elevates the DC signal level by I5p~2k. The reason to do
this is to make possible the digital gate to respond to a
weak input signal. Using two TTL inverters in tandem sharpens
the waveform of the output TTL signal. 1In Fig. 13, the analog
input and the square wave output are shown.

Comparator:

The schematic of comparator is shown in Fig. 1l4. The
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 10-1l 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 MH:z
signal is obtained by dividing the 50 MHz oscillator signal
through the divider scaling 20 that is composed of SN 74196
and 7473. When phase comparator MC 4044 detects the phase

difference (frequency difference) between the 2.5 MHz reference
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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 capacitor form the
low-pass filter. The 1 MQ resistor which is in parallel
with the input impedance of the FET amplifier prevents the
charge from building up inside the FET. The FET amplifier
works as an emitter follower and provides unit voltage gain.
The part between pin 8 and pin 9 in MC 4404 acts as a current-
to-voltage converter and outputs Vd(t).

Phase lock monitor:

TPR and TPS are two testpoints 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 (Q) to isolate the test
probes from the PLL circuit during testing. After buffered
by a series R(470Q) C(0.01 uf) circuit, they mixed with each
other in a balanced mixer (RFA-M-1) which behaves as a phase
detector. The operational amplifier uA741 acts as a Schmitt
trigger which drives the base of transistor TO. Another
inverter in cascade connects the collector of transistor TO
for driving the lock warning LED. If locked, collector vol-
tage of TO is high and the drive voltage for LED is low. $o
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 voltage for the LED to go high. As a
result, the LED is off when PLL is unlocked. A warning LED

light is installed on the panel. The operator can watch the
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warning licht to determine whether the PLL is locked or not.
The PLL circuit board that is mounted on the chasis of
the C-band receiver is of the kind of VECTOR D.I.P. Plugboard.
There are three power supplies needed, +15V and +5V. Because
the operating frequency 1s very high on the board. We need
0.001uf and 10 uf capacitors to bypass the power supplies to

ground to improve circuit stability.

3.3 Frequency doubler and driver

The schematic 1is shown in Fig. 15. The input comes from
50 MHz phase-locked loop 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
D2 conducts. Inversely, input at negative cycle, D1 conducts
and D2 cuts down. So we can get full-wave harmonics. Ampli-
fier uA703 and its interfaces constitute an active filter

rec at freguency 100 MHz, which filters out higher order

Q
0
o
=
o

harmonics. Tne criver 1s an amplifier and composed of biased
resistors, transistor and colliector-coupling transformer. The
output at 100 MHz has been adjusted to +10 dbm level by con-
trollinc the input of the driver. The 10 dbm output goes to

a power divider to pe separated into two equal parts, each

part at +7 dbm power level.
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3.4 Fregquency divider by six

The schematic 1s shown in Fig. 16. The input comes from
freguency doubler and driver 1 (see Fig. 3). After divided
E by power divider, the 100 MHz signal goes to the divider-by-

six and dariver 2. The other output of the power divider goes

directly to the L~-end of the mixer. For the schematic shown,
2 self-biased inverters (74S04) are used to supply TTL level.
Two J-k fliv-flop (2N74S112) are wired to function as a fre-
guency divider bv 3. Another J-k flip-flop of 74H73 follows
as a fregquency divider by 2. So the frequency at the output
of this freguency divider is 16 2/3 MHz now. The L-C in
series (L=luH C=100pF) maximizes the 16 MHz component. Be-
cause the input sicnal of the mixer should be much smaller
than the LO to vrevent intermodulation from occurring, an
attenuator is needed at the 16 2/3 MHz output. Using one
computer program, a n-type attenuator of -24 db pad is de-
signed as Re=3900L and Rp=56i.. The 16 2/3 MHz output goes to
the mixer. After beina mixed, the sum and difference of two
input freauencies will be generated. Bandpass filter is

used to eliminate the unwanted image band. This is discussed

in the next sectic:

]

| 345 lle 2/3 MHz bandpass filter
E |

| The aouble balanced mixer mixes the 100 MHz signal with
1 the 16 2.2 MHz sianal. After mixing there would be two side-

MHz, another 83 1/3 MHz. Since only

[
m
[
[
(o
r
s

bands. One

B

» the 11¢ 2/3 MHz siagnal is desired, the 83 1/3 MHz signal in
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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. 17.

Its central frequency is f5=117 MHz with a bandwidth
(frequency width between two 3 db point) of 16 MHz. Con-

nector is of BNC M/F type.

3.6 Amplifiers

There are three amplifiers used in the backend of the
C-band receiver. Because the frequencies used are in the
UHF range, each amplifier is contained in an aluminium box
in order to minimize radiation interference.

The first one is an RF amplifier (Aydin Vector MHD=-175).
MHD 175 modular amplifier consists of multiple stages of
amplification on a single aluminium thick film substrate.
The entire assembly is mounted in a hermetically sealed 4 -
pin dual=-in=-line package. It functions as an amvlifier to
get +10 dbm output at 116 2/3 MHz frequency. The input
comes from 116 2/3 MHz bandpass filter. The output goes to
power divider to supply the reference-in of the frontend of
the C=-band receiver and the mixer HP 10514A. The gain in
frequency range 1-250 MHz is 33+1 db and noise figure 5.0 db
max. The supply voltage is 15V and the rated curremt is
75 mA.

The second one is an IF amplifier (Aydin Vector GA=2).

The GA-2 modular amplifier consists of a single stage
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amplification on an aluminium thick film substrate. The
entire assembly is mounted in a hermetically sealed 4 pin
TO-12 package. Its input is connected to the RF output of
the frontend of C-band receiver and output to the R end of
the mixer HP 10514A. 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 gP 10514A and outputs enough signal to
model B receiver thfough the 31 db step attenuator. The
gain of this amplifigr is 46 db. Some other specifications

are 2.8 db NF and 15 VDC supply voltage at 30mA.
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4. Receiver Performance

4.1 The linearity test of C-band & Model B receiver |
To test the linearitv of the C-band and Model B re- |

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

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 attenuators,

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-~channel

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 linearity test, the following 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 dbm 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




(2)

(3)

40

frequency following the procedures described in step 3.
Connect the output 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
are -12.4V and +8.4V and reversed voltage polarities
will cause permanent damage to the receiver.

In order to establish the tone output, the “BFO" must

be turned on. The BFO 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"

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

the signal generator has some frequency drift, when you
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change the input 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
at the voltage shown on the digital voltage meter and
record it.

Repeat steps (1) and (3) 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 medel B receiver, the data are
listed below and the AGC output vs. 95.5 MHz input power
in dbm curves are shown in Fig. 19 and Fig. 20. It

should be mentioned these measurements were made with

the 31 db attenuation shown in Pig. 3 all in.

-

Table 2. Linearity Test of the Backend of the C Band Receiver

Input of the Backend Model B AGC Output (V)
(dbm) F1 Fe
=125 -0.206 -0.14
-120 -0.279 -0.185
=115 -0.391 -0.264
-110 -0.496 -0.369
=105 -0.615 -0.501
-100 -0.733 ~-0.639
=95 -0.865 -0.770

-90 -0.984 -0.904
-85 -1.078 -1.020
-80 -1.134 -1.098
=75 -1.154
=70 -1.182
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AGC Voltage
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Figure 20. Linearity test for C-band (backend) and model B
receiver (plug-in #2)
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4.2 Gain and signal-to-noise ratio in the C-band and L-band
systems

Since the antenna, the parabolic reflector and the demul-
tiplexer are used for both C-band and L-band systems, we
analyze them together. The gain and noise figure come from
the specifications or experimental data for each block. 1In
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 shipping,
the power transmitted by the satellite varies from 8 dbW to
17 dbWw at L-band even though the C-band power is kept constant
at 8 dbw. Therefore it would be reasonable to have more gain
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
~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 sttenuator 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-
channel digital data logging system with the voltage range
from 0.2V to 0.8V. By connecting the output of model B re-

ceiver (AGC voltage) in parallel with the current meter
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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
has been eliminated by a bandpass filter. Now, we must also
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 figure of preamplifier is 2.5 db, which cor-
responds to a noise temperature of 256°k. The total
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 following formula
concerned with the noise power.
PN = kTB
where
Py 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 input of preamplifier is computed to be 3.345x10"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 following way:

effective power radiated at the satellite 8dbw to 17dbw

propagation attenuation -188db

antenna g