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ABSTRACT 1.

.Amdng the advanced missions being considered by the Natioﬁal Aeronautics
and Space Administration, one candidate program is the flighf of atmospheric
entry ﬁrobes to»the outer planets and to thelr satellites., To make such a
mission possible, it will be necessary to désign a new telecomﬁunication
link which will reléy information from a probe to its carrier spacecraft,
the "bus“, for subsequent retransmission to Earth., The purpose of the study
herein described was to determine how this new radio link may be configured
in order to perform sciéntific investigations at the same time as it also
serves its primary function as an information carrier. Since the design
of neither the transmitfer nor the receiver was fixed at thé time of this
study, a wide range of possible configurations was considered,

The main purbose of this.report is to forecast the radio sciencc.
’, requirements which may eventually»be placed upon the system, Specific
experiments are described in varying degrees of deta11,>and they are rated
according to the author"s asséssment of their relative value, The ratinés.
were assiéned in accordance with.three criteria which were provided to
.serve as a basis for jﬁdgment. These criteria are discussed from the point
of view of their impact‘upon the ratings; a change in criteria.might lead
to a different ordering of the candidate experiments. For example, the
restriction of attention to the atmosphere virtually precludes radio
transmission before entry, although valuable ébservations of ionospheres
or magnetospheres might be practical if pfe-entry operafions were conducted.
The experiment descriptions are written and érganized in a manner 1ntended
to enhance their usefulness as a basis for the further development of

'these ideas, -



. :
In addition to the experiment ratings, two chapters are devoted to a

more general discussion of radio science methods as related to telecommunications
systeﬁs. First an explanation in broad perspective is devoted to the operational
implications of the various approaches to scientific measurement by telemetry

or tracking radios., Emphasis 1s placed upon a conceptual description of the
physics rather than a ﬁathematical development, Subsequently, the more
restriéted subject of plasha density measurement through observation of
differential delay is developed in more detail with greater emphasis on

the quanfitative relationships relevant to the probe mission. These

'chapters are intended as introductory material or as a review for non-gpecialists
who might have a need for more information than is given in the descriptions

of candidate experiments,




- INTRODUCTION 2

It may happen that the first atmospheric entry probes sent to explore
the oqter planets will be cariied by a Pioneer spacecraft, If so, then
presumébly the bus will be spin-stabilized, as the probe is sure to be,
Because the probe must withstand the high deceleration of the aerodynamic
entry, its payload cannot be‘massivé. As a result, the radio transmitter
fequired to telemeter informatidn back from the probe canﬁot be lafge, and
it will be impr@ctical to carry a steerable antenna, It has been concluded
that the probes which enter the atmosphere of outer solar system bodieé
such as Jupiter, Saturn, Titan or Uranus will have to felay their information
to Earth via the carrier spacecraft,

There is a considerable saving in cost, weighf and complexity if the
pioneer bus antenna does not have to be despun #nd aimed at the probe,
'Engineers have analyzed this system and have concluded that the optimum
probe-to-~bus telecommunication Qould incorporate a tfanSmitter antenna fixed
to the body of the probe, communicating to a réceiver via an antenna fixed
to the body of the Pioneer, For best efficlency, this configuration should
operate at a radio frequency in the neighborhoéd'of 400 MHz (McDonnell
Douglas MDC E0870, 1973), The information telemetered from the probe
would then be conveyed to the main telemetry system for relay to Earth
at S-band or X-band,

We have witnessed a gradual evolution of space exploration philosophy
which has lead to the use of the telecommunications signals for tracking
and telemetry simulfaneously with their service as a basis for radio
scientific purposes, This dual use has evolved slowly for S-band links to
Earth but it 1is now a productive and widely-accepted approach to effective

space exploration,



We have considéred this combination of circumstances and concluded
that there is a reasonable likelihood that NASA's future space exploration
activity will reduire the design and manufacture of a new relay tele-
communication systeﬁ wﬁich involves new engineering. No data relay from
éne spacecraft to another has ever been accdmplished at a distance such as
this before. The atmospheric entry probes for Venus, presently béing
designed, are able to communicate directly to.Earth af S-band by wvirture
of the relative proximity of Venus to Earth,

A someﬁhat similar radio will operate with Viking in'ordér to relay
" information from the Mars lander to the orbiter when the lander is beyond
_the limb of‘the planet, This radio operates at a frequeﬁcy near 400 MHz
and it is designed to transmit 30 watts in its normal mode, (The outer planet
probe design is for 49 watté Br more), Oné major difference betwéen theée systems
is the bit rate; the Viking runs at 16,000 bps uncoded whereas the outer |
planet probe relay runs at 44 bps and is coded, This difference is primarily
due to the shorter range of the Viking radio; only 6,000 km as opposed to
120,000 for the proﬁe. (Michael et al, 1972)

Since a probe tfansmitter and an associated bus receiver must be
designed, it is economical and effective to make an aftempt to foresee‘the
potential scientific uses of this relay signal. If both the receiver and
the transmitter design are to be new, then we have an unusual opportunity
to influence the design of a system at its very earliest conceptual stages.

In this optimﬁm circumstance, we can design one system which performs the
telecommunications role and a radio science mission with a minimum of

compromise and at a minimum of cost.



One eariy task in such a design coordination must be a delineation of
the potential interest which will be‘expressed by the scientific community
when the probe missions come under their intense scrutiny. That is the
objective of the study reported here; a prediction, an estimate of the
consensus which will eventually be expressed by the scientific community,

The earlj outernplanet'probes.ggzvbe carried by a Mariner-type spacecraft,
In this case the bus would be controlled in its spatial orientation, not
spinning; As a result, a steerable antenna én the bus would be much more
practical., This in turn leads to the conclusion that the relay telemetry
should be at a higher frequehcy; somewhere between 800 MHz and S—band. In
this study, no consideration has been given to the Mariner bus and the

associated changes in the telemetry link,



CRITERIA USED IN JUDGING WORTH OF EXPERIMENTYS 2.1

It is very important that the reader of this report should bear in mind
the three guiding criteria which the author followed in making the Qalue
judgments -which form 56 much of this report.

1, Is the candidafe éxperiment capable of providing new fundamental
information aﬁout'the atmosphere of the planet or satellite
at wﬁich the entry takes place?

2, Does the candidate experiment promise to provide information'
which will support or enhance the value of one of the basic
scientific experiments which are flown on the probe? That is
to say, can tﬁe rédi6 scientific investigation provide backup
data which may verify(or provide assistance in understamiding)
the scientific data returned from experimental packages?

3. Does the céndidate experiment offer to provide measurements
ﬁhich will enable engineers to improve the radio links of
future probes, both for the purpose of telecommunication and
for radio science experiments?

This work waé defined in scope by NASA, and this definition was obviously
necessary in order that the effort could be channeled in the directions
where NASA perceived its needs to lie. At the same time, we will see that
the criteria are somewhat restrictive and.limited, so the reader should bear
this in mind in judging the‘validity of the result., For example, these
criteria virtually eliminate the possibility that there might be any need
for operatiné tﬁe probe radio system prior to the aerodynamic entry. 1In the
initial stages of this study, the author took a broader view of the probe as

an element in the exploration of the total environment of the outer planets,

and concluded that a strong case could be made for pre-entry transmissions,



As a result, two talks were given at which this view was expressed in some
detail, and written versions of the talks were produced, The possibility of
pre-entry transmissions is not considered acceptablevfrom the standpoint of
this repqrt, because of the first of the three.criteria. The key element
in these criteria is the stréss on the atmosphere, The underlying'idea is
atmosphere, and that is its sole objective insofar as this study is concerned.
within the stricture of tliese criteria one mighf bring in the ionosphere
or perhaps the magnetosphere by simply defining the atmosphere so liberally
as to include these regions. The prevailing trend of thought ih the Outer
Pianet Entry Probe Science Steering Group does not support this view, however,
and so for the purpose of evaluating candidate experiments the author has-:
chosen to define the atmosphere as that region which the spacecraft enters
gfter its extreme deceleration is completed and the radio transmitter comes
on, There is one exception to this, however; the entry forces will probably
be measured by accelerometers with the objective of determining the
atmosphéric structure in the height regime whefe the decelération occurs,
We will see that éome pre-entry tracking of the radio signals might make this
experiment more productive and thus dualify as acceptable uﬁder the second

criterion (a support expeiiment),



SCOPE OF THIS STUDY 2,2

This study entailed one month of the author's time, distributed over
a seven month period, The first month of the study was devoted to a
familiarization'with the extensive literature on the»subject,'both with
- respect to the previous engineering of the probe and bqs-systems and-their
telecommunication link and with respect to the characteristics of the‘four
solar system target bodies, Jupitér, Uranus, Saturn aﬂd Titan, Two things
became cleér at the outset;

1. An extremely wide range of characteristics is embodied in
these targets; primarily, Titan is very mﬁch different than
Jupiter, Any univeréal probe design which must serve in all
these potential missions must be very versatile, It is
unlikely that the probes will be exactly the same,

2, If one accepts the ground rulq that one probe design should
serve for all targets, there are a number of reasons why the
radio sclentist Qould find it véry productive to design the
probe radio so that it can operate before the aerodynamic entry, -
With a single exceptioh, these pre-entry objectives are not
associated with the "atmosﬁhere" of the various bodies, For
this reason, the pre-entry transmission capability does not
qualify as being acceptablé under the criteria which govern
tﬁis report, Furthermore, pre-entry transmission was not in
the baseline design of the probes as it stood at the tiﬁe of
this study.

Some eafly views on this radio science study were presented by the author

at the Outer Planet Probe Technology Workshop which was held at NASA Ames




Research Center on May 21-23, 1974, The written version of that speech is
currently in the process of final revision, Unfortunately, the form of the
final publication is not known to the author at this time, so a reference
‘cannot be given here,.

Because'of.a positive reaction to that first talk, the author was invited
to summarize the arguments in favor of pre-entry radio science at the Outer
.Planet Entry Probé Science Steering Group meeting on.October 1-2, 1974,

This was also held at the Ames Research Ceﬁter. At that time, the interest

of the Steering.Group was directed toward the atmosphere of Uranus and, from
this staﬁdpoint, pre-~entry radio science was not felt to be - justified,
Post-entry radio science was not described at that time, A written summary

of that second talk was also prepared by'the author at the request of NASA/
Ames Research Center, It was further condensed elsewhere, and apbeared in the
minutes of that-0ctober meeting, The full text will be supplied by the éuthof
- upon request,

Thé final element of the study is this report, describing the experiments
whiéh were considered and rating them with respect to their relative scientific
value according to the criteria outlined in section 2,1, There is inevitably
a great deal of opinion and estimation in-this report; opinion because the
value judgments are necessarily subjective, and estimation becausé the
knowledge of the outer planets and the knowledge of the probe designs is

lacking.



BRIEF REVIEW OF THEORY UNDERLYING RADIO EXPERIMENTS

|w

Here is presented an explanation of various possible radio scignce
experiments using a teleéommunications-system. Stress is given to the
operational viewpoin%;vfor example, the objectives which can be met
through the implementation of a stable 10651 oscillator are shown to
be different“-from, but related to, the objectives served by a second
coherent frequencyﬁ As another example, it is shown why spacecraft navigators
may learn all they need to know from short obsefvations éf differential
Doppler, thlelat the same time the séientists need longer continuous
Observations or else they need corollary information such as differential

group delay measurements.

‘There is a complication which confronts the student of radio science
because of the simultaneous use of the same radio for scientific 6bservation'
and for'teleéommunications.» Often the engineéering needs differ from
scientific needs in ways which appear to be subtle but which, in>fact,.have
faf—reaching implications, An understanding of the significance of the
similarities and the differences between the intefests of‘scientists énd
engineers can be useful to people who fill both these roles and to those
others who serve to coordinate the needs of all,

These explanatiohs are intentionally ﬁrief and as non-mathematical as
is pragtical. Iﬁstead of giving the governing equations, I will describe
the physical phenomena in order to point out the significanf consequences
of the underlying mathematics., This will tie together the experiﬁental
descriptions which follow., AThese explanations are intended for readers
who have already been exposed to the subject but who can benefit from an
operatiopally oriented reQiew in which the relative significance of the

various facets is compared.
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THE REFRACTIVE INDEX IN GASES AND PLASMAS 3.1

The reffactive index is the ratio of the speed of the radio wave in
free space to its speed in a medium; in this case, a gas or plasma, The
index if often considered to be a property of the medium but it also depends
on the frequency of the electromagnetic wave and it may depend upon the
direction of propagatioﬂ and the strength and direction of magﬁetic fields
present, For our purposes, it is sufficiently exact to consider that the
refractive index of a neutral gas is a scalar number slightly greater thaﬁ
1.6 which does not depend upon frequgncy or diréction. One of the most
important consequences of this simplicity is the result that the grouwp
velocity and phase velocity are the same, (Thé phase velocity is the
speed of the wave fronts while the group velocity is the speed of the
information carried; that is, the speed of propagation of the modulation
impressed on the signal), In a neutral gas, these velocities are slightly
slower than C, the speed of‘light. The difference from C depends upon

the 1déntity of the gas and its density,
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THE CONCEPT OF "CONTENT" . .

|

The slowing of the radio wave is caused by the independent action of
individual particles, We cannot measure the wave speed, but we can measure
the total added aelay along the radio path_wﬁich is proportionai to the
‘number ofAbarticles passed by. This number, in turn, is proportional to the
Atotal number of particles in a ﬁnit—area column along the pafh, commonly
referred tb as the "content'. This is thé furidamental reason why the
.various.and diverse.radio experiménts involving delay or Doppler obsefvafions
.generally yield a result exﬁressed as the content of the participating'
particles along thé path, Since the content is proportional to the product of
the path 1ength.énd_the average density of particles along thé path, and
-.since the path length is generally known to high accuracy, it follows that
delay or Doppler ébservations_often yield spatially-averaged density
information, In the case of radio occultgtions of planets, the scientist
may assume that particles are distributed about the planet with spherical
symmetry and then the delays or Dopplers can be interpreted in térms,of the

radial density distribution of participating particles,

In a plasma, the free electrons are set in motion by'the paséing radio
wave and they vibrate at the frequency of the wave., Because they have a
longer time in order to execute each vibration when the radio frequency is
low, they travel faréher. As a result, the ‘effect of‘the e1ectronsvis

strongly dependent upon the radio frequency, The refractive index is

80.6 N_ . 40.3N_ 0
p=\/1-—F—— ™1 -—s—— since N, <F

r2 2

where Ne is the local electron; concentration and F is the radio frequency of
the wave, in MKS or SI units. Notice that |, is less then unity so these waves

travel faster than the speed of light. The frequency dependehce of the

12



refractive index causes this plasma medium to be claésified as "dispersive",
(This is because a shor£ buﬁdle of waves, a pulse, becomes dispersed as it
fravels since different Fourier components fravel at different speeds,)

In such a dispersive medium, the gréup Qelocity differs from the phase
velocity, for fhe densifiés of plasma and for the radio frequencies which
are hnder consideration in this report, it happens that the group refractive

index is exceedingly simple, being given by the equation:.
40,3 N
e

u' ~ 1 + 5

-F

Notice that the modulation wave form travels at less than the speed of
light by the same small difference as that by which the wave f:onts exceed the
speed of light. This difference is proportional to the electron céncentration
and inversely prop&rtional to the square of the radio frequency. Here, the

‘"participating particles" are the electrons; the ions do not interact with
fhe'wave very much at these radio frequencies becauée of their compafatively
high mass, |

From the foregoing it can pe seen why the radio experiments involviﬁg
propagation through a plasma almost always yield the electronicontént or
concentration or some related function. For propagation through a neutral
atmosphere, as in an atmospheric occultation, the content measurements yield

information regarding the density and identity of the gases,
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MEASUREMINTS OF PXASE VILOCITY AND GROUP VELOCITY . 2.3

It is not possible to measure_phase delay; that is, the time delay for
travel of a single wave front from one point to another., Any attempt to
identify a wave front must.involve placement of a marker upon the wave
train and this, by definition, is a modulation which must trayel at tﬁe group
velocity, Therefore transit time ﬁeasurements are inherently ﬁéasgres‘of
the éroup delay. '(Group delay is the accumulated delay for transit at the
group velocity; when multiplied‘b& C, it is called the "group path".) 1In
a non;dispersive medium, such as a neutral gas,‘the distinction betweén radio
group and phase delay has little practical significance since they are
virtually.the same,

While we cannot measure phase delay, we can measure the Doppler'shift
.WhiCh is the difference between the frequency traﬁsmitted and that which is
recelved at thé far end of.the path, This differenée caﬁ be integrated,
yielding a record of the temporal‘varigtion of the phase delay. One cannot
establish the magnitude of the constant of integration and, therefore, one
can determine only the variations in the phase delay with respect to some
unknown starting point for emch gninterrupted measurement.

This is impoftant from an operational standpoint, Those who use
Doppler tracking to navigate spacecraft need to.know only the phase delay
variations; they have no need for determining the magnitude of the total
phase delay; that is, they do not need the constant of integration, The
scientists studying the plasma itself do need>to learn the magnitude of
‘the phase delay in order to cglculgte the average elecfrbn density along the

path, They need some means for determining the constant of integration,

14



THE RELATIONSHIP BETWEEN PHASE DELAY AND DOPPLER © 3.3.1

It is perhdps worth digressing to explain the relationship between
Doppler shift and phase delay, Consider a radio path with a transmitter
at one end and a receiver at the other end and, for simplicity, let us
assume that it takes one second to travefse this path at thé speed C,

If the transmitted frequency is 400 MHz, then a snapshot of the path
would reveal 400 million wave fronts in transit between the. transmitter
and receiver at any given instant, provided that there is a perfectv
vacuum in the spacevat that time,

Noﬁ suppose plasma pours in along the path so that the phase velocity
is increased fo a‘value higher than the speed of lighf. The wave fronts

: will travel faster and yet they are still being emitted at 400 MHz; As a
;eﬁult; the distance between each pair of successive wave fronts must
_1ncreaseAslight1y because each wave tfavels a little farther during one
period._‘If we now take a new snapshot of the radio path, we wiil find the
wave fronts farther épart. Since fhe total path length has not changed, we
will find fewer wave fronts in tfansit than beforg.

Where have the missing wave fronts gone? While the plasma was fillihg
the path, the st;etching of'wavé lengths along the path caused a élight
ihcrease in the rate at which the wave frénts arrived at the receiver, 1In
other words, there was a slight increase in the radio frequenéy of the
received signal., This slight difference is called a Dopplef shift, which
is somewhat of a misnomer since no velocities were involved. If the |
receiver had been capable of measuring the differenée between the received
frequency and 400 MHz, that difference would have been proportional to the
rate of insertion of plasma along the path, More precisely, the difference.

would be proportional to the rate of change of electron content on the path,

15



The phase delay is the time reqﬁired for one wave to travel the lengtﬁ
of the path, So long as the transmitted frequency remains fixed, the phase 
delay is proportional to the number of wavelengths in transit at an instant
of time, (The delay in seconds is this number divided by the transmitted
frequency in Hertz,) Thus we see, based upon the simpleét of réasoning,

- why the Doppler shift is the time derivative of phase delay or, alternatively,
) thé phase delay is the integratéd Doppler, after all veldcity effects are

eliminated,

MAGNITUDE OF THE DOPPLER EFFECTS - 3.3.2

These Doppler effects are small in proportion to the transmitted fréquency
for the simple reason that 40,3 -Ne_<1<F2 so that |, ~ 1. Suppose for example
that the path 1s fi11ed with plasma at 7/cc, which is about the density of
the sélar wind near Earth, For an S-band signal, the refractive index
differs from unity by only 5 parts in 1011 so a differential Doppler
6bservation.w§u1d have to be performed at this precision in order to yield
- evidence of such plasma. Eveﬁ at the lower frequency uséd in Pioneer 6-9,

50 MHz, the refractive index at 7/cc is only about 0,1 part per million

different from unity,

To permit'measurements of}these small percentage effécts, it is
necessary to fly stable oscillators or to traﬁsmit auxiliary signals which
can provide a precise standard for comﬁarison. Two main types of auxiliary
signal are used in this contekt; for neutral gases, the signals are sent to
the spacecraft and then refransmittéd (with a small frequency offset) $o
fhat the experimenter depends only upon the stability of an oscillator on

bEarth over the round-trip signal delay, and upon the determinability of the

16



velocity Doppler effects., For plasma observations, it has proven feasible
to send 2 signals in the same direction: the test signal and also a higher
frequency fiming standard in coherent synchronism; This is the so-called
"dual-frequency" experiment  for dispersive media,

From. the standpoint of electronics technology,'it is a simple step to
_accumuléte (i. e., Integrate) Doppler effects if a comparison standard
”is_available. For example, the changes may be integrated byvan electronic:
counter which runs at the difference frequency between the test signal and.
the standard, One may then determine the variations of the content of
participating pafticles added to the path, since the resulting integral is

proportionally related to conternt changes along the path,

17




GROUP DELAY 3.3.3

For a scientist who wishes to deterﬁine the content from an integrated
Dbppler observation, the missing link is the starting value of the integral,

In the 400 MHz examﬁle above,-we sfarted with free space but in gh actual
situation we often must start with an unknown excess delay, At times, the

only way in which we can deterhine the starting value is through the measurement
of group delay. This measurement is simple in principle and, in some cases it
is-simple in fact. Modulation is added to the signal and, after the wave
transittis completed, £he modulation delay is compared to aAstandard, Usually,
the standard is supplied by another radio signal. The modulation must -
necessarily be at a much lower frequency than that of the carrier wave, and

as a result the accuracy of the group delay measurements is 1;;5 than that of
phase delay measurements.' The most important ﬁoint is that group delay
measurements can be obtained Qithout integration; there is no‘unkndwn constant,
While such observations are inaccurate when compared to phase delay measurements
derived from Doppler, the two types of observation complement one anofher. |
When used together, they may give an accurate picture of the changes of theA
particle content starting from a known value,

In some cases, the phase delay alone is adequate for the radio scientific
purposes, When a spacecrgft is about to go behind a planet and one wishes to
study the ionosphere or atmosphere by observing radio delays, it is reasonable
to make the assumption that the initial radio path is well away from the planet
so the ionospheric eleétron contribution to the total phase delay is zero.
Furthermore, for rapid occultations it is safe to assume that the solar wind
electron content between Earth and the spacecraft, together with the Earth's

ionospheric content near the ground station, remain fixed during the progress

of the occultation, In this manner, all changes in the Doppler shift integral

18



are attributed to the ionosphere of the distant body. As a result, the accuracy
of the phase delay measuremeﬁt is available throughoutAthe observation, 1In this
case, one might say that the constant of integration is known to be zero at
the beginning point.

The extent to which o;e can depend upon the validity of the assumptions
depends upon the character of the trajectory of the spacecraft., If the
occultation occurs very slowly, then changes in the electron content.of the

Earth's ionosphere and of the solar wind may interfere with the plénetary

effect in an unknown mix, destroying the validity of the result,

19




MEASUREMENTS OF SIGNAL STRENGTH 3.4-

In the preceding sections, the measurements of signal frequency and
transit time were shown to be essentially the same, These frequeﬁcy and
time measurements are charaCte;ized by extremely high precision, typically
involving some small number of parts per million (or perhaps billion) in
accuracy., To some extent, this precision is attributable to the current
oscillator technology which permits the creation of very stable frequency
standards and, from them, the creation of similarly accurate time standards
- by the expedient of electronic counfing. One should also nof lose sight
of the fact that the precision of these experiments is also partly due to
the fact that the propagation speeds are véry nearly the speed of light
which, itself, is an imperturbable standard,

Angther type of common radio science measurement involves observations
6fvthe strength of the signal transmitted from one place to another. Various
kinds of information can be obtained from a study of the sjignal strength and,
as a general rule, this information is different in character from that"
derived from the time and frequency observations. Signal strength measurements
are imprecisé when compared to timing observations; such measurements are
made with a precision typically expressed as percentage or as a portion of
a decibel., (-1 dB represents a 21 percent power loss.)

It is difficult to calibrate a complete radio system with respect to
strength of the signals processed from stage to stage. Furthermore there
are no standard sources of signal strength with a precision comparable to

‘that of frequency standards, As a result, environmental effects on signal

strength must be fairly large if these are to be observed in practice,
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LOSS MECHANISMS OF SCIENTIFIC INTEREST 3.4,1

From the time of origin through the amplification, transit,.reception,
and processihg of a radio signél, a wide variety of devices and phenomena
affect its strength, or amplitude, Out of this complexity, there nevertheless
emerges a fairly simple picture if attention is centered on only fhose
phenomena which are of interest to radio scientists, These fall into three
classes:

1. Absorption of the signal due to passage through material
which extracts energy from‘the waves,

2, Deflection of tﬁe radio wave away from the desired pathway
as a result of a inhomogeheous refractive index along the
path which gives rise to diffraction or refraction,

3. A modification of the polarization of the radio wave which
changes the degree of match between the wave and the
receiving antenna, thus causing variations in the power.
which reaches the electronics of the receiver.

Sometimes these effects afe combined, and the combination can be used
to good advantage, One outstanding example which comes to mind is the
planetary occultation observation when the signal strength is diminished
through the action of refraétive defocusing (due to the bending of the rays)
and at the same time it 1s partially absorbed by the gasses, In this c#se,
an observation of the frequency of the signal produces information from which
one can compute how much of the signal should be lost due to refractive
defocusing alone, A measurement of the total loss caﬁ then be compared to

this calculated value, and the excess attributed to absorption.
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To some extent, the types of information derived from signal strength
measurements depend on the length of time between pairs (or sets) of
measurements, It is seldoﬁ possible to derive useful information from
just one meésurement; because the Qifficulties in calibrating a complete
radio system are'so severe that the resulting inaccuracies may exceed the
magnitude of the parameter of scientific interest. Rather, all signal
étrength information is derived from a comparison between two or more
measurements., The scientific inférmation is derived from the difference
‘between measurements and the relationships between the time interval
involved and the corresponding changes in that amplitude. When the time
interval between observations is short, a second or 1es§, then the
amplitude fluétuations are typically called "scintillation”, Such rapid
signal strength fluctuations are usually attributed to turbulence in the
intervening medium which causes localized distrubances to the phase and .
amplitude of the passing wave fronts,

For a planetary oécultation, scintillation mayAbe caused by turbulence
in the atmosphere or it may be caused by comparatively stationary atmospheric
structural features which enter and leave the radio path rapidly by virtue
of the high spacecraft velocity. For example, spherical layers of absorﬁing
particles in’thin sheets would cause rapid signal strength variations for an
occulting spacecraft and it may be difficult to determine which of the signai
strength variations were causéd by absorptidn and which were caused by
difffaction.

FARADAY ROTATION 3.4.2

A strong amplitude effect due to Faraday rotatioh'is often observed when

linear polarization of antennas 'is used, In the circumstances usually

encountered in radio scientific investigations, this Faraday rotation is
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accurately characterized as a rotation of the plane of polarization at a
spatial rate which depends directly upon the electron concentration and
which is also proportional to the component of the local magnetic field
which parallels the directioq of radio propagation. When either of these
parameters changés along the-radio path, then the total amount of rotation
will change. When a signal undergoes a varying amount of rotation along
. the radio path for this reason, it arrives at the receiver poiarized in a
plane which is likely to be somewhat misaligned to the plane of the
receiving antenna, As a result of plane'angle fluctuations, the amplitude
fluctuates, sometimes in a neat repetitive fashion.
Since the total amount of rotation ‘on any path is proportional to the
integral of the product of the electron density, the magnetic field
Strength; and the cosine of the angle between the field and the path,
the interpretation of these observations is often difficult, . Usually it is
hecessary to depend upon the predictability of two of these three parameters,
for otherwise the result could not be interpreted, For this reason, a
Faraday rotation observation is only useful in a few special circumstances,
Because the signal strength fading due to the Faraday rotation is
troublesome to telecommunications, linear pol#rization is seldom chosen by
antenna designers, However this kind of observation is sometimes thained
unintentionally due to wunavoidable elipticity in antennas, The data may
serve a useful scientific purpose if properly interpreted in this case. A
signel strength observation does not tell the direction of rotation since the
observation has an inherent 180° ambiguity, Intentional rotation measurement
instruméntation includes transmitting and receiving equipment which permit
" an unambiguous calculation of the direction of the rotation, so that one can
foliow the total rotation angle and observe all the changes which occur after

the beginning of any particular observation.
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PRACTICAL LIMITATIONS OF FARADAY ROTATION DATA 3.4.2.1,

Like the observation of phase delay through measuremenf of Doppler

shift, polarization plane rotation observation suffers from the defect

that a constant of integ?ation is needed and cannot be obtained from the
measurements themselves, In this casé, the constant is the total numﬁer

of turns along the radio path at the beginning of the observation. Some
characteristics of the physical situation must be used to infer this valqe.
. For trans-ionospheric Faraday rotation observations, it is customary to use
the nighttime observations together with the knowledge that, at night, the
ion content is so 1ow‘thét only about one turn occurs, The operators

‘make an assumption about total number of turns at that time, and track the
variations as long as possible thereafter, For rotation observations
during the occultation of a spacecraft, it is necessary to begin the
.measurements early while the effect is negligible. Short of this, the only
- thing which can be gained from such obsérvations is the time variation of
the aforementioned infegral. In this strait, the scientist can only obtain
information in the best of circumstances because, not only is the iﬁtegral.
equally affected By three component parameters, but its total value is
unknown, Nevértheless, there have been many circumstances wﬁere the
observations have been useful., To cite one exémple, the great majority of
_the early observation of the Earth's ionospheric electron content was obtained
by the simple expedient 6f tracking the plane of polérization of signals
from the early geostationary satellites, Although imperfect, a large body
of data was readily acquired and it has been exceedingly interésting to
écientists for its geophysical implications and to telecommunications
engineers who use the Faraday rotation results in 6rder to determine what

they should expect in the way of small time delay perturbations,(Time delay,
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it will be recalled, éontains an additive component which is proportional
to the integral of the electron content along the path; since the Earth's
magnetic field magnitude and direction are fairly well known, it has been
practical to calculate the glectron content from the rotation measurements

through the use of some fairly good approximations.)
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MEASUREMENTS OF POLARIZATION 3.5

“Most of the useful radio measurements which can be made are funda-
mentally re;ated to the signal delay or its strength, For example,
measurements of the phase of the signal at its point of reception aré
actually indicative of the transit delay, and therefore phase measurement
is, in this sense, only another manisfestation of delay.

Despite the foregoing generalizgtion, it nevertheless remains true
»?hat a full stud& of the polarization of a wave fiela is such a specialized
analysis qf the comparitive strength of the signals receivéd by two
differently polérized antennas that the subject area is usually considered

"to stand by itself, This distinction is also merited because the polariza¥ioﬁ
of an electromagnetic wave is one of the three parameters required to fully

‘descfibe it; the other two are the timing of‘the Qave fronts and théir
strength, which are the two subject areas earlier segregafed.

I1f the'signal arriving at ahy giveﬁ receiver has a well-defined
polarization, then the measurement of that signal could be described in
terms of the intensity, the plane of polarization and the ellipticity. 1In
most actual situations,‘however, a mixtﬁre of signals arrive at the receiver
and the sum of all these éignals cannot be represented by a simple polarized
equivalent, It is said that a state of "partiai polarization" exists, and
a full description of the measurement requireé the inclusion of a fourth
parameter which provides a description-of the degree'of polarization,

At the opposite extreme from a single sine wave, pure Planckian radiation
is unpolariied. The simplest partially polarized field would consist.of a
single sinusoid in the company os such unpolarized noise, and measurements
should result in numbers which provide 1nfdrmationyregarding.the relative

energy in the signal and in the noise field,
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To meet this need for a number set giving a full description of a
wave field, a set of four ""Stokes parameters” have been defined and are
widely used. Their definition represents a compromise between the
needs of theorist and the praqtical considerations of measurement, In
essénce, the four mumbers plus a little algebra yield a full description
of the time average intensity of the signal, its plane of polarization,
'.its elliptiéity and degree of polarization, An unusually clear exposition
to this subject is given in the book "Radiative Transfer" by M. ﬁ; Ozisik, .
| Earlier it Qas pointed out that frequency or delay observations can
beAmade with a very high precision whereas amplitude measurements are
éomparitively imprecise; In the case of polarization, the actual measure-
ment is one of comparative amplitude and therefore the accuracy with which
polarization can be measured is comparable to that of amplitude measure-

ments; typically a matter of a few percent,
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PLASMA DENSITY MEASUREMENT THROUGH USE OF TWO FREQUENCIES

The dual-frequency method for measuring plasma content has been
described in a general qualitative sense and, as we will see, the approacﬁ
is unacceptable from the standpoint of the three criteria, At the same
time, it is tﬁe author's judgment that the restriction of 1nterest to the
neutral atmosphere was not intended to preclude consideration of other
possibilifies which.becoﬁe apparent along the way., The dual-frequency
meésurement of plasma density variations appears to have much to offer
and yet it is widely misunderstood, Because of this combination of
circumstances, the author has chosen to dev;te a full chapter to the
subject here, As compared to the preceding chapter, this description is

more quantitative and specific to the mission under consideration,
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OPPORTUNITIES DURING THE PROBE MISSION . 41,1

As the Pioneer bus and its associated probe arrive in the vicinity of
the target planet or satellite, they will be flying along nearly parallel
courses separated by a distance of roughly 100,000 km, If one imagines
a column extending along a straight line between these two arriving
spacecraft, one can visualize how their joint entry into the magnetosphere
-- will result in an increase in the electron content of the column due to
1its travel into reglons of ever-higher concentration, The dual—freqhency
instrumentation would allow a continuous measurement of the content of
electrons in that column, When this is interpreted in the light of
* reasonable assumpti?ns concerning the distribution of electrons in space,
it is seen that such a monitoring operation might give a good piece 6f scientific
_evidence concerning the.magnetospheric plasma distribution, One would obtain
; continuous indication of the average electron dénsity along a 100,000 km
line traveling broadside into the magnetosphere., Furthermore as the probe
descends through the ionosphere where electron concentrations may se thousands
of times higher than they are in the magnetosphere, the measured electron
content will build up comparitively rapidiy. From this content observation
.1t should.be possible to derive a fairly detalled ionospheric electron density
profile down to the point at which the aerodynamic_heating induces an ionization
blackout of the signal,

There 1s some overlap between the ultimate information derived from this
kind of observation and that from an observation of the radio occultation of
the bus spacecraft, For most of the outer planet missions contemplated, the
bus itself enters a radio occultation, This latter maneuver will yield

‘Doppler observations which can be interpreted in terms of an ionospheric
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electronAdensity profile, Because of the great distance of these target
planets and satellites from the sun, such occultation profiles will be

very nearly at the terminator, Therefore they will indicate the electron
density profile in a sunset or sunrise ionosphere, The dual-frequency
observation by the probe relay radio would give a similar electron density
profile in the night—fime hemisphere, A comparison between the two profiles
would be informative to scientists attempting to understand the ionosphere,

giving clues to the ion production and loss mechanisms,

DETERMINATION OF THE CONSTANT OF INTEGRATION 4.2

Since the bus and probe enter from oﬁtside the planetary system, there
are two optional methods for determining the constant of intégration. For
a mdsf simple and accurate system, we would initiate a continuous differential
Doppler measurement when the craff are still well outside the magnetosphere.
At this time, the constaﬁt would be known to be negligible., The difference
between the Dopplers at the two frequencieé could be used to run an electronic
counter on the Pioneer bgs and this count could be occasionally telemetered
to Earth, As the magnetospheric plasma began to fill thé path, the count
would build up to reflect the increasing electron content. Finally as the
probe'entered the ionosphere, the content would increase comparitively rapidly
and a higher telemetry rate for the counter output would be desired.

The probe carries no power generator, so it 1is probably not feasible to
supply enough battery power so that it could transmit for this long time period.
In this case, it i5 necessnry to meacure differential group delay to learn fhe
constant of integration., This requires more electronic sophistication and
a slightly higher transmitted power level. Howevef it offgrs the advantage
that it could be operated intermittently for short periods. Each such
operation neéd onl& be long enough to stabilize the radio system in order to

maintain the required precision during the resulting transient heating.
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The main advantage of the differential group delay approach is the saving

in battéry power; in other respects it is inferior to the differential
Doppler approach, |

| It ié_the judgment of the author that the full consideration of this

' matter would eventually lead to.a decision against the inclusion of the
différential group delay capability., The scientific value of the dual-

 frequency.observétibn is primgrily concerned with the 1oﬁosphere and the

%magnetosphere, and the continuous transmiséion of a differential Doppler
signai from tﬁe probé to the bus for a few mihutés befdre entry would make ¥

”,it feasible td'telemeter a measufement from the prqbe to the bus throﬁghout

.this final approaéh to the planet. Such operation would beASupported by

one segment of the scientific community which would like to add instruments

to the probe for making in situ measurements of the plasma environment,

A THREE-FREQUENCY OPTION | - 4.2

One altérnative deserves mention at this point; it may be the best approach
of all. The pﬁrpose sérved by the group delay measurement can also be served
by the'observation of differential Doppler between-three cw tones, If one
looks at the matter in a fundamental way, it iurns 6ut that the differéntial
group delay observation gives us a measurement of the curvature of the phase
delay ;s a function of frequency. (i.e., the second-frequency derivati?e‘of
phase delay.,) Thus a.measurement of differential Doppler at 3 fréquencies
effectivély yilelds this same curvature and serves-thé same purpose ,(Burns
and Fremouw,v1970).Because 2 tones can be obtained by simple electronic means,
through phése or amplitude modulation,their relative frequency can be very
precisely maintained. The probe can then be light, simple and yet have just‘
the kind of accuracy that is needed in order to make the observation possible,
In this manner, it may be possible to minimizé the deleterious effects of

warmup transients, permitting the probe transmitter to run only on brief
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occassional bursts during the long entry to the planet, After the space-
craft begins'its final plunge into the ionosphere, one of the three
frequencies could be shut off since a two-frequency differential Doppler
observation would suffice for the reﬁaindefvof the mission. The constant
of integration would have been established by the §receding fhree—frequency

operation.
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THE BASIC REQUATIONS OF DIFFERENTIAL DELAY

In order to permit a specific approach to this design problem, we

will give a brief derivation of some of the more important mathematical

relationships.
Symbol
T

s

For this purpose, the following symbols will be used:

Meaning
Time

Distance

" Distance increment

Velocity

Refractive indéx

Speed of light
Electron concentration
Electron éontent

Radio frequgncy
Subscript for "group"
Subscript for "phase"

Subscript for "the higher of two
frequencies"

Subscript for "the lower of two
frequencies'

L2

Thfoughbut this discussion we will use MKS units which, for our purposes,

are the same as those of the SI system, the international system of units,

The frequencies under consideration here are hundreds of MHz or higher,

and the eleétron density are typically 1012 per cubic meter or lower, For

such high frequencies in such low density plasmas, it is an accurate

approximation that

_ 80.6 N_
o=\l —_———— =
Vi =
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The phase delay along the entire path is the integrated value of the

delay along short increments of path:

0
T = L ds = 5 - 4 ’3 N ds
p Cc C CFZ e :

S S

The latter integral is simply the electron content, I. This may be thougﬁt
of as the total number of electrons in a unit area column extending along
the entire length of path., It is equally valid to consider that it is the
avérage electron density on the path multiplied by the path length. The
poppler shift is the time derivitive of FTp and sé it is proportional to
the time derivitive of the two terms given in the above equation, Since

C and F do now change with time, it follows that the Doppler shift is

where the dot over the symbol represents the time derivitive,

1f é could be determined with adaquate precision, then one could
measure the Doppler shift and sqbtract' the first term to obtain the second
term yielding i, the parameter of interest. Technology has not advanced to

this state and therefore we transmit a second signal at a different frequency

and measure the differentiai Doppler,

. . d S 40.3 S 40,3
T - T = — = - 1) - - 1
PL PH dt c or2 C oF 2
H
_ 40,3 1 1 : i
- c 2 - 2
L Fy
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In this expression, all fhe velocity effects on the Doppler have been

cancelled and that which remains is known to a high degree of accuracy.
‘The implementation of this idea is exceedingly straightforward;

The high freqﬁency signal i1s generated as a harmonic of the lower frequency

signal. .At the receiver, the higher frequency is divided by the appropriate

factor (using electronic counting circuitry) so that it would equai'the

lower frequency if there were no plasma effects, The differencetbetween

the low frequency signal and the divided high frequency signalvis then

‘the differential Dopplef. This smallldifference—fréquency-is used to

drive an electronic countqr thch inherently performs the necessary

-1nfegration. The accumulated count is proportional to the eiectron content

along the path, pfovided only that the constant of integration can be

obtained somehow,

- CHOICE OF FREQUENCIES : ©4.3.1

. An examination of the differential Doppler equation above will show
that the vaiue of the higher-frequency signal is not of critical  importance
so long as it is well separated from the lower-frequency signal, For
example, consider two cases: (1) the high_frequency signal is twice the
low frequency and (2) it is so high that i/FH2 is truly negligible. 1In

. the first case, the éxpression

is fully three quarters as large as it is in the second case, Therefore
little is gained by going to a higher frequency if the FH/FL ratio is
already 2:1, Once FL is selected, the value of FH is comparatively

inconsequential insofar as it affects the pioportionality between the

measured Doppler and the electron content, provided only that the FH/FL
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ratio is 2 or more, For the systems which have flown, this- ratio has been 8.5
and 3,67. Since the present study is predicated on a 400 MHz carrier, it will

be assumed hereafter that FH = 800 MHz.
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MAGNITUDE OF SOME DIFFERENTIAL DOPPLER EFFECTS 4.3.

It ié instructive to have some specific numbers in hand so that the
practicality of these ideas can be assessed, For this purpose, let us
consider a differential Doppler measurement using 400 and SOO'MHz, and
wé shall calculate the differences of the various physical quantities for
the case when the electron content is 1016 per square meter., To put this
in perspective, we note tﬁat the electron content of Earth's ionosphere is
3 to 5 times this much at night, and 25 to 40 times as much in the daytime,

Then the time delay difference would be

(40.3)(10'5) 1

1
M = 5567925 % 10° ((400 % 10°)2 ~ (800 x 10°)2 )= 6.3 nsec

This Qery short time delay is equivalent to a light distance of 1,89 meters
which is 2.52 wavelengths at the lower of the two frequencies, Therefore,

the injection of this much plasma into the path would céuse differential
DopplerVShifts which total 2.52 cycles when integrated with respect to

time, provided that the cycle counting is done at the lower frequency by

fhe expedient of counting down the 800 MHz signal to 406 before the differenée

is formed. (This has been the practice in the past missions,)
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INSTRUMENTATION APPROACHES TO DOPPLER MEASUREMENT | 4.4

A question naturally arises concerning the engineering of Doppler
difference measurement: How shall it be done, and with what precision?
For the earliest mis;ions; (those flownAon Pioneers 6 through 9 by Stanforq
University) the frequency was so low that'simple cycle counting served to
provide more electron content resolﬁtion that was useful, For the imple-
‘mentation of this dﬁal—fréquency approach on Mariner 5, half-éycles wére
counted through the electronic detection of zero Crdssings of the difference

freduency signal, This doubled the resolution and, for the 400-800 MHz

example, this detection ﬁethdd wou}dbprovide a content resolving power of
(1/2)(1/2;525 = 0,198 x 108 electrons/meterz. For the current dual-
fréquéncy at S-band and X-band, thevresolﬁtibn is being carried out to
parfs of a cycle through the incorporation of a means for detectihg the
phase difference between the lower frequency signal and the divided higher-
_frequéncy.‘ With such elegtronics, thé resolvihg power depends not only
'upon the nﬁmber of cycles per unit of content, but also on the strength'
and stability of the signals received because this is the majér determinent
of the aécuracy with which phase comparisons can be made, (Actuélly, both
S and X Dopplers Qre independenfly measured relati;e to a local frequency
sténdard, and fhe difference ié formed by subtracting the resulting numbers.)
In order to carry forward a quantitative.example, the assumption Qill
be made that'zero~cfossiﬁgs are. counted because this is electronically much
simpler than the phase comparisons. ‘With the resulting resolution of 0,198
x'1016 m-z,vwe see that an entry into tﬁe Earth's daytime ionosphere would
préduce a differential Doppler count totaling 126 to 202 zero crossings,
(i.e., 25 to 40 x 1016).. The timing of each crossing would represent an

16

increase of 0.198 x 10 in content versus height of the descending probe,
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The experimenter would learn the total number of electrons from the top

down to the height of radio blackout, and would also learn their distribution
in space with a resolution of 1 part in 126 to 202; about 1/2 percent, With
‘phase measurement, this would improve further,

For the giant planets, the peak electron density in the ionosphere is
‘somewhat lower than Earth's but the vertical extent is greater., These factors
compensate somewhat, so the electron contents are comparable to Earth's,
Uranus and Titan arexlargely unknown, The existence of official models of
their atmospheres and ionospheres is less an indication of knowledge and
.more an indication éf a need for all workers to have a unified goal, The
formulation of a system requirement is therefore subjective, and with this
in mind, the author concludes that the 400-800 MHz system operating with
~_zero-cross1ng§ will represent a close similarity in cabability to any

~ such system which may be evéntually flown on a Pioneer probe mission,
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CALCULATION OF DIFFERENTIAL. DOPPLER DURING A JUPITER ENTRY 4,4,1

'At the time of this writing, there has just become available a
preprint (Fjeldbo, 1974) describing the results of the Pioneer 10 radio
occultation measurements of the ionosphere of Jupiter, Dr, Fjeldbo has
kindly consented to permit me to use these preliminary conclusions as a
basis for a caléulation of the éxpected electron content that would be
observed duringvthe entry of a Juplter probe, This is useful as a means
 for establishing the need for accuracy in the instrument and the need for
telemetry allocations,

Dr, Fjeldbo has cautioped that the electron density profiles are still
undergoing imﬁrovement and so I ﬁave not taken great pains to assure accuracy
when I have integrated the profiles to obtain electron content., Using
approximate methods, I first derived content as a function of distance
downward from the highest altitude of measurement; approximately 4200 km,
This 1s the eléctron content which would be measgred along a vertical column
abové thg probe, since there is comparatively little plasma abéve. Because
the bus will not be directly over the probe at the time of the observation,
the measured content will lieAﬁlong a column which is somewhat longer than
the vertical column; assuming that the bus is 40° away from the zenith of
the probe, it follows that we must multiply the vertical content by sec
(40°) = 1,3, |

The probe will penetrate this region traveling at about 60 km/s at a
shallow angle, only 7° from horizontal, Its vertical descent velocity is
then 60 sin (7°) or 7.3 km/s. From these values, applied to Fjeldbo's
profiles, we readily calculate the electron content as a function of time
which would be observed by the probe using differentiél Doﬁpler. With the
instrumentation arrangements sﬁggested in section 4.4, it follows that one

measurement quantum is 0,198 x_1016 electrons/meterz,
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Assembling all the foregoing information, the author has construpted
figure 1 which has duplicate labels on ordinate and abscissa, One set of
axls labels identifies the vertical electron content as a function of height
within the Jupiter ionosphere, meaéuréd dovnward from 4200 km, The second
set identifies the count accumulated by a differential Doppler, half-cycle
counter for a probe enfering at 7° anq a bus 40° from its zenith,

The curve of figure 1 is an exéellent data base with which to address
the question of a bit rate requirement fqr the experiment, The counter will
reach slightly less than 157 counts before the expiratioﬁ of the probe, and
.all of the évailéble information could be compressed into a list of numbers
giving the time when each of those couﬂts occurred., A grand totﬁl of 157
numbers would presérvelthe results of the ehtire experiment., (In an earlier
treatment of the occultatioﬁ fesults using a different assumption concgrning
the spacecraft oscillator behavior, Fjeldbo derived a profile from which I
calculated thﬁt there would be 284 counts) the point is thﬁt these count
estimates'are only approximate éuides to instrument design); The only way
in which more information could be derived would be through the use of a
lower radio fréquency or a more fine-scale tedhnique than haif-cycle counting,

It is useful to provide an indication of the maximum count rate expected
of a differential Doppler half-cycle counter, This dées not depend on the
electron density profile but only upon the local density at the position of
the prébe° For purposes of explanation, let us consider that the electron
concentration is negligible above some reference level which is a few
thousand kilometers above the visible surface. Then 1et L denote the length
;of the radio path below thislaltitude; it is this length atong which the
electron content is to be measured, For the probé and bus geometry and speed

assumed above, the integration path length will increase at the rate
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Figure 1. Electron content af Jupiter as it would be measured by a dval-frequency
Observation with the probe radio. The count rate is proportional to the electron
concentration near the probe. (Computed from the Pioneer 10 results of Fjeldbo)
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dL. sin 7°
T = (60 km/s) (.(.:()5_40") = 9.5 km/s

Here the slight effects of planetocentric curvature and relative bus motion
are néglected.

The electron content will build up a rate which is equal of the product
of dL/dt and the local electron number density at the positioﬁ of the probe,
Therefore the maximum rate of increase of electron content will occur when
. the probe is in the region having the highest electron concentration. The
éarly results of Fjeldbo indicate that the ionosphere of Jupiter contains
several thin layers, among which the maximum density is always less;then
3.5 x 10° electrons/cc. From this we deduce that the content will build
.up at a rate.which never exceeds 0,33 x 1016 electrons/m2 per second.

This seemingly illogical use of centimeters in one case ana meters in the
other has become a well-established convention, It can get worse; in

pulsar work, the unit of content is 'parsec—cm-3 and we note that 1 pc-cm-3

= 3,0856 x 1022 electrons/mz. iSin;:e one quantum of electron content is
smaller than this number by a factor of about 1.7, it follows that the
maximum count rate will be 1,7 per second, An examiﬁation of Fjeldbo's

curves shows that during the final minute or so of the pre-entry transmission,
. the counter will run‘at an average rate‘of about 1/2 count per seéond; higher-
rate bursts will be brief as the probe travels through the layers of more
concentrated ionization,

From these cglculations we may draw some useful conclusions; one might
choose to build a simple system which merely reads the status of the counter
at intervgls of time which are shorter than a second. A readout at a slower
rate, in this simple mode of operation, would not preser?e the information

relating to the structure of the dense layers of Jupiter's ionosphere
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because several counts would occur between readings. Since the timing of
these counts establishes the layer profile, it will be information of very
great interest, It would bé wasteful to‘implement a simple counter readouf
system with intervals much~10nger‘than 1/2 second between readings.

A 1ess.garrulous system could be built if the bus had a small. special-
purpose processor capable of forming and storing the 200 or so numbers
wﬁich give the time of the various éounts. This would preserve all of the
information; provided that the electron content does not exceed the capagity
“of the digital storage provided. Nevertheless, a thousand-word memory
probably suffice for any planet in the solar system and so this requirement

is modest in the light of current technology.
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EXPERIMENTS WHICH WERE CONSIDERED 3

It is a common defect in research that the capability of the equipment
may dictate the character of the experiment, A research worker with a new
kind of machine will ask, "What new kind of measurement can I make ?" If
an answer can be found, then the measurement will be recorded, Subsequently,
4t is necessary to address the question of how best fo gain worthwhile
scientific knowledge from the body of new measurements. In a sense, this
'vrepresents a placement of the cart before the horse. One should ask, "What
new kind of scientific information do I need ?" Then the measuring system
. should be designed to provide that answer. This idéal is not often realized,
forApractical reasons, Here; for eiample, we are faced with a situation
where we know (Qr, af least, we have strong reason to believe) far in
advance that there will be a new radio system designed to pfovide the
telemgtry relay from a spinning probe to a spinning spacecraft.

if we let this process of radio design go on unaffected by scientific
needs, then the system will be built in 'such a way és to perform_the
telemetry function, and none other, At a later time, when scientists
realize that a slight modification of the radio system would permit
scienfific méasureﬁents to be obtained at the same time as the teiemetry
is conveyed, it may then be too late to make the modification., Even if
changes are agreed upon, their implementation will entail a great deal of
expense, We can foresee many of these needs early., By this effort, it is
iﬂtended that scientifically desirable features will be anticipated and
included in the radio system from the beginning. Such a process is

inherently the most economical,
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As a result, we are indeed asking the cart-first question, "What kind
of measurement should we make with this new device ?' The author has
considered the possible applications of the telemetry link to radio scientific
investigations directed at éetermining characteristics of the atmosphere of
Jupiter, Uranus, Saturn or Titan. Colleagues have been consulted and literature
has been searched but, obviously, not all the pbtential scientific experiments
can be identified in this manner at this early stage. In order to identify
-the area of investigation which was undertaken here, we provide a listing
. of the specific experimehtal approaches which were considered during the
progress of this study.
" As a matter of convenience, I have arranged these experiments in four
’catagories: |
1, Measurements of environmental effects on the direct signal
as it successfully propagates from the probe to the bus,
2. Observations involving major changes from the direct propagation,
3. Tasks for‘the probe only
4, Tas¥s for the bus.only

MEASUREMENTS OF ENVIRONMENTAL EFFECTS ON THE DIRECT SIGNAL AS IT SUCCESSFULLY

PROPAGATES FROM- THE PROBE TO THE BUS 5.1

As the signal travels from the probe to the bus, its strength, timing and
bolarization will vary in a multitude of ways. Some of these can be measured
to provide useful information, and some should be measured in order to provide

supporting data to designers of future probes'a decade or more from now,

MEASUREMENT OF TELEMETRY CARRIER AMPLITUDE AND PHASE

The strength of the signal from the probe which reaches the bus can be
measured at the bus, This might provide information about absorption and

perhaps refraction losses as the probe penetrates the atmosphere, Such



changes in signal strength would occur slowly over a matter of many
mihutes or tens of minutes, These changes would probably be monotonic;
that is, the signal level would continuously decrease, 1In addition,
thére might be comparétively rapid fluctuations bf_signal strength, with
.>both decreases and increases intermingled, whiqh are commonly.termed
scintillation, These fluctuations would be attributable to turbulence
in the atmoéphere. The phase of the telemetry carrier signal might also

be monitored in order to provide indications of scintillation.

TELEMETRY SOFT-DECISION FEATURE IMPLEMENTATION

A somewhat parallel requirement is placed by both the telecommqnications
engiﬁeers and the fadib scientists, in the éense that both groups wanf a
méasure of the moment-by-moment signal strength fluctuations. The tele-
communicators plan to obtain this information‘by means of a '‘so-called
"soft-decision” feature of the circuitry, The preséntvcourse of dévelopment
will lead rgdio'scientists to obtain scintillation data independently.‘ A

joint approach might permif one system to fill these two needs,

_DOPPLER SHIFT MEASUREMENT

A radio communication link 1s inherently a valuable means for determining
the relative velocities of the transmitter and receiver to a high degree of
ﬁrecision. This requires either a stable oscillator on the probe or else it
requires that the bus must be able to transmit to the probe., 1In the latter
case, the probe must be able to respond with a coherent signal, The main
benefit of such an instrumentation lies in the more precise determination
of the motion of the probe relative to the bus, If pre-entry transmissions
are utilized for this purpose, then the place where the probe strikes the
planet might be found to a higher degree of accuracy. Post-entry transmissions

might afd in determining the dynamics of the falling probe and its reaction

to winds.
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DUAL-FREQUENCY DIFFZRIENTIAL DOPPLER OBSERVATIONS

If the probe could transmit two coherent frequencies, the bus could
be instrumented to obtain a measurement of differential Doppler and this
would provide information concerning the dispersive charactéristics of the
propagation medium along the path, This might be useful primérily as a
means for determining the lonospheric and magnetospheric électron density

distributions,

DUAL-FREQUENCY DIFFERENTIAL GROUP DELAY OBSERVATIONS

The dual-frequency method would permit the observation of solar wind
-élecfron concentration in the final days of free fall toward the target body.
{This observation depends upon a defermination of the constant of integration
and since continuous transmission from the probes is impractical, the system

would have to measure group delay or three-frequency differential Doppler.

OBSERVATIONS OF FARADAY ROTATION

The signal from the probe will undergo Faraday rotation of the plane of
polarization,'even if the antenna is not plane-polarized, Imperfections in
equipment intended to produce circular polarization inevitably lead to the
generation of a signal which can be considered as the sum of a circular plus
a plané polarization, The plane portion will rotate as it travels, in
_ proportion to the electron concéntration, Ne and also in proportion to the
"strength of that part of the magnetic field which is parallel to the radio
path,_HL. A measurement of ! the total angle of Faraday rotation then provides

the value of the integral of (Ne) (HL) along the path,

OBSERVATIONS‘INVOLVING MAJOP CHANGES FROM THE DIRECT PROPAGATION 5

In addition to the perturbations to the successfully propagating signal
which were the subject of the preceding section, there are several other
observations which one might make which involve indirect propagation paths or

major disruptions of the direct path.‘
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TRANSMISSIONS VIA THE RING OF SATURN

The probe and bus could be targeted in such a manner that the pre-entry
signal would pass through the ring of Saturn on its way from the probe to the
bus, A study of the scintillation of this signal would provide valuable
information about the ring mgterial and structure. This measurement will
have been obtained at S-band and X-band by the MJS spacecraft, according to
current plans, |

RADIO OCCULTATION OF A SATELLITE

Since thé probe will be released from the bus about a month before it
arrives at the planet, it is possible that one of the satellites of the
:major plaﬁets might lie along ﬁhe path between the probe and the bus as
this pair of spacecraft approach thé target planet. This is only possible
in a case of Jupiter and Saturn; at Uranus, the satellites rotate in a plane
which is ﬁearly'perpendiculér to the line of approach, Neveftheless it is
possible, for Jupiter and Saturn, to ﬁerform satellite occultations at'400
MHz if pre-entry tfansmissioﬁs are provided,

SURFACE REFLECTION OBSERVATION

At least in the case of Titan, it is possible that the probe will
descend to a solid surface, 1In this case, the signal from the probe may
reflect off the surface and be detectable at the passing bus., A study

_qf this reflective signal would provide information about the character of
the surface, even though the probe might not survive the impact.v

RADIO BLACKOUT CAUSED BY AERODYNAMIC HEATING

If the pre-entry transmission continues during the onset of the
aerodynamic entry, then the atmospheric ionization caused by the entry
heating will lead to a cessation of the signal., Some information regarding

the character of the upper atmosphere would be provided by an observation

_of this effect. The implementation of a dual-frequency capability
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(for other purposes) would permit this blackout to be measured at two
frequencies, a step which would probably more than double the value of

the obsefvation.

TAGKS FBR THE PROBE ONLY | 5.3

—_—

Some worthwhile objectives can be performed by the probe acting alone,
The bus would be involved in these only in the sense that it relays the

telemetered information back to Earth,

MULTI~FREQUENCY NOISE SURVEY AT THE PROBE

By means of a special receiver, the probe might be instrumented to
"perform a survey of the noise at several different frequencies as it falls
within the atmosphere of the planet. This hight yield good'atmospheric
information, It would certainly provide future engineers with a very
valuable base of data for ﬁse in designing future telemétry systems which
‘might incorporate transmission from the bus to the ﬁrobe. If such an .
investigation is performed, then the probe'é radio transmitter will need
cargfui design to avoid generation of noise which masks the natural back—v

ground under study,

SPECIAL SENSOR ANTENNAS ON THE PROBE

The telécommunication fequirement for a steady strength of signal brings
about a requirement that the antenna pattern on the probe.should not vary
with respect to longitudinal angle so that there will be no spin rate
modulation, Furthermore, quite a wide range of illumination angles is
anticipatéd during thevoperafion of the relay link with the result that the
probe antenna has to be nearly isotropic, It followsvthat any noise_surveyé
obtained with this antenna are necessarily indicative of the sum of all the
noise signals cominé from a wide range of angles, Since diverse sources of
radio noise are anticipated, such a measurement will be ambiguous and may not

‘be very informative. It would be better if the antenna were decidedly
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directive and, since such an antenna cannot serve the telecommunication
purpose at the same time, we consider the possibility that a special

" antenna might be carried on the probe for the purpose of measuring noise.

OBSERVATICNS OF VOLTAGE STANDING WAVE RATIO, VSWR

The. radio trénsmitter aboérd the probe>must send energy into the probe
antenna, The probe will have endured very high accelleration_forces during
the entry process, and it will ﬁe falling in an atmosphere which is extremély
. inhospitable. A number of qnforeseen disasters might'occur; izce might form

over the aft shield on the space probe, or elements of the antenna might

'break uﬁde; the G forceé.. The telemetry designers will surely want to
"monitor the performance of the antenha, proﬁabiy through a measurement of

.the VSWR sinée this is fairiy well understood and easily instrumented,

Such a measuremeﬁt might also provide an indication of the presence or

’ gbgence éf ionized plasmé'in the vicinity of the probe during the transmission,

since this affects the VSWR,

TASKS FOR THE BUS ONLY ' . 5.4

The availability of the 400 MHz receiver on the bus might serve as the
basis for ébservatioﬁs which are not #ssociated withAthe.probe's signal,
'Since the probe's active life is such é small proportion of the mission
duration, these experiments provide an unusually effective utilization

.Qf the resources available,

TELEMETRY CHANNEL NOISE SURVEY

Sincé the bus Spacgcréft will need a réceiver tuned to the telmetry
freqhency, it should be a relatively easy matter to measure the noise level
at that freqﬁéhcy.  Sﬁcﬁ iﬂformatioh would be useful in the design of
future telemetry systems and as a means of evaluating the performance of
the system itself, It might also serve as a basis fdr study’of the environment

‘of the plénet. :
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USE OF A DIRECTED ANTZENNA ON THE BUS

If a steerable high-gain antenna were available on the bus, then certain
special observations would become feasible. For example, one could search
for reflections from thé particles of the ring of Satu}n, even though the
probe might not be directly behind the rings at the time of the search.

Some of the probé;s radio signal must reflect off the rings toward the bus,
bﬁt the strength of this signal would Be very low and undoubtedly its
detection would require the use of gain to obtain adaquate signal levels.
Supressed sidelobeé and bécklobes would assist by their discrimination

"against noise.

RECEPTION OF 400 MHZ SIGNALS FROM EARTH

The probe'will transmit for only about an hour, and so for many years
before &nd afterward the 400 MHQ réceiving equipment will have no scientific
function except, perhéps, as a noise mpnitor. If the receiver were to be
connected to tﬁe main antenna, which will probablybbe a 9-foot dish, then
'it_could-lock onto signals from existing Ear%h transmitters out %o distances
beyond Jupitér. This would permit performance of some useful scientific

observations,
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IXPERIMZNT RATINGS ANL D'SSCEIPTIONS

Putting together the group of experiments and rating them into a'single
.order of preference, the author was remindéd of fhe reports published by a
popular consumer magazine which attempts the same éategorization of common
household products, Often fhe reader sharply disagrees with the rating
sequence thus established, and‘an_examination méy show that the difference
'Sf opinion is founded in the criteria used for rating., The reader must
bear in mind these ériteria (section 2,1) since the author is attempting
to predict fhe eventual conseﬁsus that the scientific community would
feach if all involved were agreed upon these criteria, For one example,
the author would favor an outlook upon the probe-bus pair as a traveliing
-system, and would exploit the inherent capability-of such a system to make
s observations that are not feasible by means of a'single spacecraft, 1In this
'light, pre-entry transmission wpuld rate much higher in the ratings,

| For reference,'the experiments are listed in order of rafing:
-—-- Measurement of felemetry cafrier amplitude
-—-- Telemetry channel noise survey by the bus
-~ Observation of the VSWR
-—— Dbpﬁler shift measurement
-—— Determine radio blackout‘caused by aerodynamic’ heating
~-- Coordination With telemetry soft-decision feature implementation
--- Use of a directed antenna on the‘bus
--- Multi-frequency noise survey at the probe
'=-= Install special sensor antennas on the probe
—-——— Méasure transmission via the ring of saturn

. === Make dual—fréquency differential Doppler observa tions



Reception of 400 MHz signals from Earth

Surface reflection observation (at Titan)
Dual-Frequency differential group delay observations
Observe the radio occulfation of a satelliteA

Observations of Faraday rotation
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MEASUREMENT OF THE STRENGTE AND SCINTILLATION OF THE SIGNAL 6.1

The measurement of signal amplitude would serve both scientific and
engineering needs in a direct fashion, Furthermore it can be performed by
the bus where instrumentation is easier to install than in the probe.
ﬁepasue the derived information has value to many different communities of
workers, and becasue the insfrumentation is comparatively inexpensive, it
seems clear that the probe's telémetry carrier amplitude should be measured
and this information sent back to Earth.
| The long term variations will be interpreted in £erms of the absorption
éf the signal by the atmosphere as the probe falls, 'It may blso be possible
to account for some of this loss through the action of scattering or refraétion,
The total amount of loss is of direct use in the design of later probes which
may be'sent to the same astrbnomical body.

In order to make the long-=term changes meaningful, it is necessary to
have information concerning the'strength of the signal transmitted toward the
bus, As a result it is important that the probe should seﬁd a signal whose
étrength can be determined at a later fime, based upon the sum of all
information which becomes available, It is not necessary that the signal
strength should be constant or even that it should follow a pre-programmed
schedule, It is only necessary that we should later be able to reconstfuct
what héppened. Therefore, the probe should. be instrumented to measure its
own environment for telemetry to Earth, It should also provide the values
of some key radio parameters which the designers may then use to make their
final determinations,

Since the probe antenna pattern is variable with respect to zenith

angle, it is necessary to know the zenith angle of the bus as seen from the
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probe, In the author's estimation, this requirement is not a constraint
because the same information is required by the atmospheric structure
experiment to a considerably higher degree of accuracy,

While the zenith angle of the bus may be known; because of this
other motivation, it is also possible that the probe might not maintain a
vertical orientation throughout its fall because of the action of agrodynamic
forces.: Either & constant list or a wobble about the vertical axis would
lead to an amplitude variation. If this source of variation were not correctly
reconstructed, then the amplitude changes might incorrectly be ascribed to
_absorption,_scintillation, etc. Therefore it is important that the probe
attitude be determinable. The degree of accuracy of this requirement is
directly associated with the details of thé transmitting antenna patfern,
which is‘not known at the time of. this study. For attitude fluctuations
with a time scale of roughly one second, and which do.not vary in
synchronism with the spin rate of the probe, it is important that the relative
vtransmitted signal strength should be known to * 0,1 dB.or less, For slow
variations in attitude, those lasting on the order of one minute or more,
the antenna pattern effect should be reconétructable to £ 0.2 dB.

Perhaps the most cost-effective approach to the reconstruction of the
. probe signal strength might be an actual physical simulation of the probe
environment in a laboratory on Earth after the‘entry is completed, A
duplicate of the radio.transmitter could be subjected fo the closest
.possible simulation of the environment of the actual probe, as determined
ffom telemetered data. It would then be possible to measure the power output .
of the transmitter and use this as a basis for a reconstruction of the

performance.
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At the bus, the receiver should provide indications of the strength
of the signal coming in from its own antenna, Since the bus attitude will
be known comparatively accurately, there-will probably be little problem in
reconstructing the receiving antenna gain variations throughout the descent
of the probe..

| From the standpoint of absorption and séattering interests it will be
important to filter out the short term jitter in the received signal
indications for occasional telemetry to Earth. The scintillation information
should be observed with*the widest practical bandwidfh because of the unusual
degree of uncertainity in our ability to predict of this parameter, At the
time of this writing, the only data in existence is that derived ffom S-band
occgltafions of Pioneer 10 at.Jupiter, but the scintillation of that signai
has nét &et been analyzed, By the time the probe is 1aun§hed; there will
probably be some information available concerning measurements of scintillation
in the atmospheres of Jupiter and Saturn at S-band and pefhaps at X-band,
Wﬁen that informatioh becomes available, we will bé better equipped to
specify the expected range of sciﬁtillation of_fhe probe signal,

During the probe's fall through the atmosphere, it will be fairly close
to the layer in which the turbulence lies, perhaps within the Fresnel region,
As a result it would be desirable to record phase scintillations in addition
to amplitude scintillations since the information wouldvbe éomplementary.

Nevertheless, it 18 comparatively difficult to provide the instrumentation
required to measuré the phase scintillations, and a stable probe oscillator
is ﬁeeded if this is to be done., These observations will be obtained at the
most crucial part of the mission when the bus telemetry system is under its
peak'demand. Tﬁerefore; it 1s'un11ke1y that raw scintillation data can be

sent back to Earth,
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It i1s the author's estimate that the value of the amplitude and phase
scintillation data is not high enough to justify the utilization of a
significant fraction of the telemetry or data storage capability of the
bus, Instead, it should be feasible to provide a small special-purpose
computer which derives the basic scintillation statistics, These processed
data can bevplacéd in the telemetry chain for transmission to Ea?th at a
much lower data.rate than would be required if the statistical calculations
were performed from the full set of data on Earth, The advent of powerful
~ digital calculators iﬂ integrated circuit form should make this approach

‘tractable, and comparatively inexpensive,
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NOISE SURVEY BY THE BUS RECEIVER IN THE TELEMETRY CHANNEL - 6.2.

The telecommunications designer is always faced with the requirement
for ﬁatching the signal's strengtﬁ to the expected noise in each new
éperational environment, For each mission to the planets, the designers
must evaluate previous measurements of noise levels and any other clues
contained in other types of measurements or in the theoretical developments
- which are available, Sincelthé weight of a tfansmitter and its associated
. power sources is réughly proportional to the.transmitted power, and since
this in turn is neéessarily propgrtional to the expected noise, it follows
that an accurate forecast of the noise has a great practical value, For
this reason, there is little doubt that the bus will be configured in such
a way that it can measure the noise both before and after the probe's
operation, in order to aid in the designs pf future years, .

It is not'clear to this author that there is a strong requirement for
COntinuing the noiSe measurement through the operation of the probe., Such
an objective could be met through the inclusion of special featureé in the
receiver to enable it to sample the noise at a frequency which ié ﬁear the
carfief but clearly separated from it. Becasue the bus receiver antenna is

~so broad in its polar angle pattern, and because it is uniform over 360° in
its azimuthal angle, each measurement of noise will represent a spatial
average over a solid angle which is roughly a hemisphere, As a result, the
strength of the noise received by this antenna will not change rapidly
during the approach of the bus to the planet or during its later departure.
If the receiver can measure the noise prior to the initiation of the probe
transmission, and if it can continue the noise measurement after the probe
goes off the air, then the bus will obtain a good noise vs, time profile

before and after the prime mission, Special radio receiver features allowing

continuation of this measurement during the prime mission would only serve
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to provide the interpolation between the "before' and "after" curves,

The information available from other sources, coupled with the measurements
before and after the prime missiqn, should permit this interpolation to be
carried out with adequate accuracy, For this reason, it is surmised that
the engineering and scientific purposes will be adequately served if the

- bus monitors noise in the 400 MHz channel only when the probe transmitter
is off, .

In the case of Jupiter, it appears certain that the predominant noise
‘source is the synchrotron radiation which will be at a level equivalent to-
. a noise temperature roughly of 3000 to 8000°K, A recent analysis of the
Pioneef 10 measurements has been provided by Northrop in ﬁirmingham, (1974),
For Uranus and Titan,_the noise survey should be sufficiently sensitive to
permit detection of the surface temperature, This will be difficult because

the receiver itself is expected to have a noise temperature of roughly 300°K,
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MONITORING CHANGES IN THE PROBE ANTENNA VSWR 6.3

The voltage standing-wave ratio is a sensitive indicator of the match
-between the signal sent to the antgnna and the antenna's ability to accept
that signal, Anything which disturbs the eleétrical characteristicé of the -
antenna generally affects the VSWR, Furthermore the VSWR is comparatively -
easy to measure and, as a result of this combination of circumstances, it is
the conventional parameter which is watched by radio enéineers when they
monitor a.system in operation., A body of experience has been built up and
ﬁ theory has been developed to relate'the VSWR to the condition of the antenna
_,and to the character of its surrounding environment,

It seems likely that the VSWR will be monitored for purely pragmatic
reasons associated with the engineering of the probe, The antenna structure
must enaure the many hundreds of G's during the atmospheric eﬁtry. During
_the fall into the planet's atmosphere, the imagination is hard—pressea to
foresee all the combinations of untoward events which may befall thelgpace
_probe in such unearthly conditions, For example, it may fall through thick
'swirling clouds of snow composed of a chemical, The residual heat in a heat
shield'm;ght melt this snOQ, which mighf then flow aroqﬁd the edges of thé
heat shiela only to freeze on the back cover over the antenna, 1In this
manner, there might accumulate a thick layer of frozen material clinging
bto the cover a short distance froﬁ the antenna, This would interfefe with
the neér-field electromagnetic radiation pattern of>the antenna and impair -
its ability to accept_thé signal from the traﬁsmitter. . The output power
would fall, and the VSWR wogld rise, The behavior of the VSWR, plus other
environmental indications telemetered up from the probe, would assist us in
an understandiﬁg of the problem and pérmit'its avoidance during future missions,
Thé recpnstfuction of this scenario would be of great assistance to scientists

attempting to understand the character of the atmosphere. The author offers
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this hypothetical sfory only as an extreme example as the kind of.purpose

which might be served by VSWR monitoring. ) .
If the probe transmitter were operated prior to the aerodynamic entry,

fhen it is expected that the VSWR would provide an indication of the plasma

density in the vicinit& of the probe. From this, one might reconstruct the

ionospheric electron.density profile above the point at which the spacecraft

induces ionization.A In this brief study, the author has been unable to

assess the validity of tﬁis idea in a quantitative manner because the current

design calls for a cover to be placed over the antenna at some distance from

the details

. thé antenna and the details of the design are not fixed. Yet
.determine the degree of Sensitivity of the VSWR to the plasma environment,
Furfhermére, this objective itself is outside the'range'of the three guiding
fériteria'which govern this study and, even if we could show that it would‘
;work, pre-entry VSWR mohitoring would be unaccepfable in the present context.
This artificial constraint should nof precludé an evaluation of the ionospheric
effect; however, It seems clear that the VSWR will be monitored and, furfher—
more, it may be desirable to warm up tﬁe transmitter, If, in addition, it

1s determined that the ionoépheric electron densiti could be determined with
‘useful accuracy by this means, then a strong case could be made for a brief
pre-entry transmission. Thus, while the measurement is not an approved

. objective, its continued study is warranted, The VSWR measurement after entry
is definitely needed for the engineering of future probes and for the under-

standing of data from this probe,
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DOPPLER SHIFT MEASUREMENT TO DETERMINE THE PROBE VELOCITY RELATIVE TO THE BUS

The existence of a radio link inherently offers the possibility of mak ing
8 very precise measurement of fhe range rate between the probe and the bus,
‘To permit this measurement, it would be necessary to piace a fairly stable -
local oscillator on the probe or, alternatively, to provide for a signal frem
the bus to the probe which could be ceherently transponded.

From the standpeint of atmospheric science, the priﬁary benefit of this
measurement lies in its value as a means for determining exactly where the
pfobe encountered the planet or satellite, This information, in turn, serves
to provide a more accurate knowledge of theAangle between the probe velocity
veetor and the local vertical at the point of entry. This angle is required
by the afmospheric structure experiment, if the deceleration observations
are to 'be properly used to deduoe atmospheric charecteristics; Thus by
this direct chain of reesoning, the Doppler measurement tends to permit
more acCufate atmospheric measurement, Therefore the measureﬁent
qualifies.es acceptable under the second criterion (a supﬁort experiment),

The Doppler tracking accuracy requiremeﬁt must be based upon a study of
the error.budgets in the trajectory reconstructions for both the probe and
| " the bus; .Such error budgets must be computed both with and without the

Dobpler measurement in order to establish the levels of Doppler accuracy
‘which are requirecd to pfoduce varying degreesbof improvement, It is necessar&
"to determine the quantitative relationship betﬁeen Doppler improvement

and entry'angle determinability. Armed With tbis knowledge, the atmospheric
sfructure scientists‘may then provide an assessment of the effectiveness of
such impsovement; Only in this manner can a rational assessment be made of
the relafive value of Doppler tracking accuracy as opposed to its cost and

weight, It is the author's understanding that performance of this task has
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already begﬁn, although in association with the Mariner Jupiter/Uranus
mission which is presently under consideration.
The Doppler shift measurement ﬁight provide information concerning

the raté of fallef the probe within the atmosphere of £he target planet,

To see»how'this_might:work, considér what might happen if the probe falls
fhrouéh a region of vertical turbulence, (The Earth analogy of this circum-
stgpée would bg a regibn of cumulus clouds, or a'thuqderstorm region). While"
 thé'probe might fall at ﬁ predictable rate relative to the atmosphere,
‘nevertheless its speed 6f.fai1 relative to the surface of the planet‘would
_vary because of the adaitioh or subtractién of Veftical winds as the . probe
movés from one region iﬁto andther. This effect might be mqnitored by means
of fhe.Dopﬁler measurement, The present Vénus probe oscillator specification
éalls for.a stability of one parf in 109 during a period of about 90 minutes
-which includes the descent ofvthe probe, If we assume as»é worst case that
.thié total errdr is 1ngutfed throughout 90 minuteé, then fhe error in total
phaSé path accumulation (1620 meters) is equivalent to a velocity error of

30 cm/sec.

A sizeable vertical wind would mislead scientists if they were unaware of
ifs presence, sinée they might otherwise conclude that the probe fell faé£er
or sldwer because of aerodynamic effects, 'In this sensé, the measurement of
speed of fall wéuld not only reveal vertical winds, but it Qould also increase
.-the accuracy of aerodynamic results,

There is-a serious weakness in the foregoing discussion of vertical winds.
.Bécause the bus 1s usually not directiy ébove the probe, the range rate from
;thé'bus.to the probe ‘is also affected by horizontal winds to the exteﬁt that
the horizontal wind velocity has a component aloﬁg the line of sight, For
most of a mission this is a sizeable component., Unless some way could be

" found to compensate for this horizontal wind effect or to determine 1its
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va}ue by some other means, the author judges that it would mask the vertical
Qinds effect or at least the suspicion of horizontal wind Doppler would

lower confidence in the vertical-wind interprétations. Toward the end of

the féll, there is aﬁ interval when the bus is nearly at the zenith of

the probe. Dﬁring thié period; the Doppler will be unaffected by horizontal
winds and the observétions may.be interpreted as falling speed with confidence,

Despite the difficulty which is inherent to a systgm which must measure
V velocity along a non~vertical direction, it 1svof potential value to make
tﬁis measurement, At the earliest tiﬁes, the carrier bus will be about 40°
awéy from thé zenith of the probe and so it will be possible to measure
hori?éntal.winds using the mefhod piloneered by the Soviet probes, In this‘
.application, one must calculate the vertical fall speed and subtract its
;effect; if horizontal winds are larger than the residual error in this.
obseﬁation,' then the calcui-at:lon yields the compbnent of the horizontal
wind speed in the great circle plane containing fhe bus and probe.

.In the foregoing paragraphs I have mentioned three areas of study which
might be based upon Doppler observations of the free-falling probe after.
1ts'entry; (1) aerodynamic data, or how fast does it fall relative to the
local atmosphere (2) §ert1ca1 wind measurement and (3) horizontal wind
- measurement, It 1s not pﬁssible to learn about all three at once; since we
will measure oniy the.sum of their effecté. Névertheless the changing zenith
‘1a;g1e'of the bus will facilitate this analysis by providing a vérying mix of
the effects of vgrtical and horizontal motions; this mixing ratio will be
accurately known, Furthermére, the aerodynamic data may be extricated from
~ the mix by taking advantage of the known charactér of the height variations

within the atmosphere,
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In summary, the pre-entry Doppler observation would probably back up the
-atmospheric st_ructure experiment and is therefore desirable. If this measurement
capability is incorporated, then Doppler measurement after éntry is virtually free,
Thesé iﬁtter observations may reveal_ some features of the character of local --
winds and vertical convection, and ﬁossibie aerodynamic information can also

'be_gleaned from the data,
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OBSERVATION OF THE RADIO BLACKOUT CAUSED BY AERODYNAMIC HEATING 6

When én entry body encounters an atmqsphere at very high speed, it
ionizes the surrounding gases, As the ionization rate increases, the
den;ity of the released electrons in the surrounding gas may reach such
a_level that 80,6 Ne - Fz. As may be seen by reference to section 3.1,
the refractive index then goes through zero and becomes imaginary. 1In
'this circumstance the.radio wave can no longer propagate, The cessation
of the éignal is called a "radio blackout". The onset of ionization

depends both ﬁﬁon the Mach number and upon the kinds of gases in the
_atmosphere. The time of the radio blackout depends not only upon the

rate of buildup of electron concentration but also upon the radio frequency.
Therefofe an observation of the blackout would provide‘information about -

" the atmosphéric constituents,

.vif a dual-frequency capgbility is incorporated for other purposes, then
it would be a natural consequence that two different radio blackouts could
‘be observed by this method. Itlwould thus be possible to establish two
different levels of electron concentfation during the onset of the aerodynanic
heating..

Since signal strength is likely to be measured for other purposes, as
described in the preceding sections, no added instrumentation is required
for the observation of blackout, However the accuracy of the timing measure-
ment would depend upon the nature of the instrumentation, both with respect
to the timing within the telemetry system and to the quantization levels of
the amplitude determinations., From an instrumentation standpoint, then, the
. blackout observation eﬁtails a need for attention to the detéils of telemetry

-and of design of the amplitude detection circutry, To achieve fine resolution

" in the timing of this event without requiring a high data rate; it would be
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feasible to inco?porate special circuitry in the bus which records the time
of sighal streﬁgth decrease through one of more preset thresholds, These few
data could be sent to Earth during the blackout, I have not enough information
to pfovide a ‘reliable estimate of the accuracy of timing that would Se required,
although I have beﬁefited greatly from a discqssion of this matter with Dr,
Alvin Seiff of NASA/Ames, The timing should be known to some portion of a
scgle hgight, probably about O.i Hp. ‘At the planets, the probe descends
through a séale height in abéut 3 seconds and so I WOuid tentatively recommend
a timing accuracy of less than a second, For Titan, tﬁe need is probably not.
so severe,

From an operationﬁl standpoint, the blackout detection can only. be
- performed if a pre-entry transmission i1s made. This is presently not
-iﬁcluded in thevbaseline design, but the radio system may be undergoing
warm-up ;t the time Qhen this measureﬁentvis desired and so a short pre=entry

transmission to serve this purpose might be easy to perform,
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CO-ORDINATION OF RECUIFIMENTS WITH THT TELEMETLY SCT-DRTISION FEATIRT

There is an glternative approach to the measurement of amplitude
scintiliation which deseryes.mention here, This is an entirely néw concept,
to tﬁe author's knowledge.

Basically, the idea stems from the fact that the telemetry community
and the scientific coﬁmunity both have an iﬁterest in the details of the
-signal strengthlfluctuations. For telemetry, the periods of low signal
strength are periods when the confidence in the telemetered information is
low, By.looking’at‘tﬂe radio sysfem with this thought in mind, the engineers
have determined that their needs are most effectively met through the
incorbqration of a multi-level bit code rather than a single binary bit,

In other words, the decoded telemetrv string is not converted into ones

and zeros, it is rather converted into a sequence of numbers chosen from

a fange.of numbers, The lower the number, the greater the likelihood th?t
the original datum was a zero. The higher the number, the more likely that

the original number was one, This approach is called a "soft-decision"
feature and,.for the Pioneer probe, an eight level code has been considered‘
(3 binary bits per original bit),

If operated in this mannee, the telemétry system would process three
times more information then that which was eﬁcoded from the original data.
It is clear that the original data plus a synchronized observation of the
<signal strength fluctuation would provide the same confidence indications,
As a result we can see that the scientists and engineers might both benefit
if these two problems were jointly considered; then it might be possible to
provide only one history of the signal strength fluctuations which would
serve both purposes., At the very least, radio scientists and telemetry

designers should be aware that their parallel-requirements are being metby

independent plans,
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INSTALLATION OF A SPECIAL DIRECTIVE ANTENNA ON THE BUS 6.7

The present plans cali for the bus to contain a high-gain antenna
pefmangntiy directed at the Earth, It will also contain a 400 MHz antenna
which is wide in polgr angle and invariant with respeét to azimuthal angle,
'As a:result, the capability for performing 400 MHz observations is limited
b& the lack of direcfivity. Because the bus antenna lacks directivity, the
signal which it recelves at any instant is the sum of all the signals from
sa wide r#nge of angles, It has no.ability to discriminate aﬁoné the regions
whiéh it views.v

Many purposes would be served if the bus had a directive antenna in
addition to‘the bréad one which is required for telecommunications. It
would then be possible to map a noise field and‘establish the distribution
'.of the sources of ﬁoise in space, In this way the noise generated from.the
viciﬁity of the atmosphere could be isolated from.that generated in the
_magnetospheric regions, forAexample. As if will be seen in the discussion
of the Saturn ring experiment described'1a£er, the directiQe antenna could
be very-usefulvas a means for performing other kinds of measurements not
'assbciated with fhe atmosphere of the target planet,

The main disadvanfage of this idea is the considerable cost and weight
of the added équipment if the antenna is to be fixed in inertial space while
the spacécraft rotates, The objectives to be served by this antenna probably
do not warrant such a&ded cémplexity and weight, Therefore a directive
400 MHz antenna w0u1d.probab1y be constrained to rotate with the spacecraft,
The rotation would have the advantage of providing an automatic scanning
action, but it has fhe disadvantage of limiting the length of time during

which integration can be performed in any one region,
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The most practical implementation of this idea would be a possible
modification of the feed structure of the telecommunications antenna which
might convert it into a directive antenna. This moaification could be
performed after the probe signal ceases to be detectgd,'for after that fimev
there is no longer any need for thé broad antenna pattern., Alternatively,

" the conversion from a broad pattern to a difective pattern could be an
indefinitely reversible condition effected on command from the ground.

In this case, tﬁe 400 MHz receiver could be used throughout the life of

the spgcecraft in association with the antenna in its directive mode.

If the receiving antenna can be configured so that it serves both'purposes,
then this concept hay be deemed acceptable both from the standpoint of
cruise science and from the standpoint of the capability it provides for
monitoring the noise from the atmosphere dufing the prime experiment,

For the latter pufpose, the antenna beam should subtend.an angle no larger_r
than the disk of the planet, Beﬁms of 35° to 45° would suffice for Jupiter
and Saturn, For Uranus a finer beam would be desired, while for Titan the‘
beamwidth would be so small as to make the concept seem impractical at the

outset,
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MULTI-FREQUENCY NOISE SURVEY BY THE PROBE - 6.8

It is possible that a special receiver ﬁay be incorporated in the
probe fér the purpose of surveying the noise levels at a number of
" different radio fréquencies.as the probe descends info the atmospﬁere,
This would be of interest_to radio astronomers; it would also be important
data if, in the futufe, mankind‘wishes to send a probe into the samé
atmosﬁﬁefe thch receivgs signals from its bus. In the latter case, it
will be imﬁortant to know how the noise varies with height and_freqﬁency
in order to_seléct the best ffequency and optimize the’system with respect
to power level, bandwidth, étc. |

While a convincing case can be made in support of tﬁis idea, nevertheless
» it is the.authdr's_estimate that such an experiment would not be flown because
the idea would not survive the competition with other concepts.
The néise survéy information would require telemetry from the.probe and
thié capability will be extremely scarce and valuable, The'competition'
for piobe telémetry will be fierce, Furtﬁermoré the alternative of noise
observation from the bus with a moderately directive antenna should provide
fhe key information,(although to a lesser degree of_accﬁracy ) af potential
communication ffequenciesl I£ is not expected that there will be a great.
deal of absorption down to the‘level where the probe ceases to'functidn'
(probably 10 atmospheres), As a result the ﬁoise temperature,when viewed
from the bus, will be almosf the same as that which.tﬁe probe would measure.
The améunt of absorption may bg deduced with fair.accuracy, and it should
be possible to infer what the probe would have measured, based upon
' meaéurements obtained with the bus. 1In the bus, equipment constraints are

much less severe and there is a more generous telemetiy capébility.
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Despite these negative prognéstications, the designers of the probé
Felemetry transmitter shéuld bear in mind that a multi-frequency noise
survey may be performed, since the author's forcast of a future concensus
might be wrong, 1If fhis survey is_undertakenj then it will be necessary
. for the probe transﬁitter éignal to bé "clgan"; that is, the probe should
npt.transmit signals at monitofed frequencies at é_level which would
interfere with the noise survey. For Uranus and Titan, it is expected that
this noise level to be monitoréd might be very low, and therefore the

transmitter should be spectrally pure.
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INSTALLATION OF A SPECIAL SENSOR ANTENNA ON THE PROBE

Fér the purpose of conducting a sensitive noise survey, the probé
_might be equipped with a spécial anténna providing directivity and gain,
prébably»aimed in the downward direction., Through the control of £he
back lobes on ‘the antenna, it might then be possible'to detecf the
. atmospheric noise even in tﬁe presence of stronger.synchrotron noise
from above. It might even be decided to pérform a noise survey at a
frequency sé high that the absorption. above the probe is considerable;
“in this case, the Vafiation in the noise level during the descent of the
probe woﬁld provide_inforﬁation concerning the height distribution of the

noise’generating meqhanisms,.and of the loss rate.

74



TRANSMISSION VIA THE RING OF SATURN 6

This and ali fhe following experiments are not relevant to the
atmosphereé of the planets, nor do they qualify as acceptable under the
second and third criteria. AAé a result, this and the following experiments
-wdﬁld be rated éqmparativel& low, At this early date, one cannot Qiew the
criteria as rigidbrules,‘and so theée experiments must be regarded as

‘fcompetitive in a broader sense,

AAmeasuremént of the spectrum of the 400 MHz signal while it travels
_through,the ring of Saturn would provi@e key data to those scientists
whicﬁ specialize in -the stﬁdy of the ring. The aﬁthor's colleague, Dr.
G.'L. Tyler, supports this viéw; he is participatiné in the currént
?rogrém tq_qbtain éimilar data at S-band and X-band using signals from
the MJS sﬁacecraft. The 400 MHz ring occultation would therefore provide
a third frequency‘and,'according fo Tyler, this infofmafion would be
valuable as‘aﬁ indication of the frequency dependence of the scattering
characteristics of the ring particles,

The ring occultation would be informative only if séeétra could be
computed, Pre-entry transmissions are required, of course, Sinée the
currentvcohcept is that one' bus-probe désign will serve for Jupiter, Saturn,
Uranus aﬁd Titan, the observational capability must be incorporated in the .
basic concept even if it is only to be used uéeful at one t#rget body. As
with the scintillation instxumeﬁtation, fhe'author believes that the spectral
analysis required.for pfocessing this ring data might best be carried oﬁt
‘aboard the bus through the incorporation of a modern microcomputer. If such

1a computation capability is inqorporated fqr the spintillation observation,
it could also serve as a basis for the ring observation provided that the
bﬁndwidth and depth of fading are within the range of 6peration of the

'equipmeﬁt. In this sense, the ring occultation does not require extra
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eqﬁipment, but it maf require extra capability in the existing equipment.
The primary cost of the obéervation'is probably that of the battery power
needed o run the transmitter of the probe during the passage behind the

rings.

There is a practical consideration wﬁich may preclude this observation;
it is feareq that the rings of Saturn may contain destructively large
particles out to a distance far greater than the outer perimeter of the
visible rings;‘ Until this suspicion is proven or disproven, it is unlikely
that the probe or the bus.will be flown through the plane of the rings in
the region deemed to be dangerous, As a result of this concern for safety,
the trajectories which allow the.ring to pass between the probe and the
bus.may be impossible to achieve except at those times when the plane of the

rings is nearly parallel to the direction of flight of the bus and probe,
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DUAL-FREQUENCY DIFFERENTIAL DOPPLER OBSERVATIONS . . 6,11 -

As discussed at Iength in chapter 4, the transmission of two frequencies
frdm the probe would permit measurements of changes in.the plasma distribution
.bétween the probe and the bus, Closely related data will be obtained by the
radio Qccuitation of the bus itself. In comparison with the latter, the twé
:maih advantagés of the dual-frequency approach are (1) it can provide iono-
spheric profiles well away frqm the terminator whéreas the éccultation must
- occur at the 1limb and (2) the dual-frequency date can be interpreted without
binvokiﬁg a requireﬁent for Spherical symmétry such as is conventional in the
Vanalysis of occultation observations. In its gimplest form, the dual_freqﬁency
experiment ‘would be ﬁerformed using pnly the Doppler, since that‘requires only
the géneration_of a second cw tone at the'probe whichAéould be accomplished
‘with a Simple‘moduiation. |

For the second frequency, é second antenna may be requiredbsince it is
difficult to devise a_single antenna which works at both frequehcies. However
there is one pfomising approach which is mentioned in association with a
candidate probe antenna; it appears that microstrip antennas can be
fabricated with two feeds working different sides of a ?ectanglé,.and the
result is a two-frequency antenna in the form of a single thin, sfurdy plafe,
(Xuhlman, 1974).

This expetriment is not compafable with the three criteria, but if the
' mmssionAof the probe was expaﬁded_to include study of thé ionosphere, then

this experiment would deéerve serious consideration,
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PROVISION FOR THE RECEPTION OF A 400 MHZ SIGNAL FROM EARTH 6

.It has been suggested by Professor V. R. Eshleman that the radio
occultation of the bus might profitably be observed at 400 MHz in addition
to operation at S-band or X-band. The use of a lower frequency would allow
the observation of lower plasma densities than would otherwise ﬁe detectable,

All of the equipment needed to do'this work is already available on the
bus; the 400 MHz receiver will have finished its primary work and can be
éonnected to the maiq antenna which is directed toward Earth. Assuming that
a nine foot dish is. used, the author's calculations indicate that the 400
MHz signal from existing Earth—based transmitters (Stanford's,for example)
should be detectable as far away as Jupiter and perhaps Saturn, The
calculated signal-to-noise ratio is based upoh an assumed bandwidth of only

"about 15 Hz ihvthe phase lock lobp. The detectability of the signal ts
_intimately dependent on the level of noise generated by synchrotron emission,
but it appears that this is not so high as to preclude reception, ‘However
the sideﬁands of the S-band telemetry transmitter may be trbublesome; At
‘the time of this writing, this idea has not been analysed with sufficient
care to firmly determine its feasibility., It does not qualify under the
three critéria but nevertheless it appears to Be an efficient use of resources.

With respect to this p#rticular experiment, it is doubtful that one
should comply with the restriction of the first criterion to atmospheres only;
that restriction was undoubtedly a reflection of the philosophy that the
miséion of the probe is the in situ study of the atmosphere., This suggested
experiment doeé not involve the probe at alt; instead it is a bus mission, -
‘and the Qork of the bus inclhdes,study of the plasma environment and other

more broadly-based interests.
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SURFACE REFLECTION OBSERVATION 6,13

At the target planets, it 1s expected that the signal which the probe
unintentionaily transﬁits in the downward direction will vanish from view,
being absorbed until an undetectable remnant remains. However at Titan it
is posSiﬁle that the downward signal might be.réflected from.the surface and -
then reach the bus at a detectable level, The fact that this is "possible"
is primarily due to our ignorance qf the atmosphere and surface of Titan;
it is not based upon a dependable forecéét that fhe signal woﬁld be detéctable;
~ Conservative caléulations of the expected strength of the reflected sigﬁal
indicate thatlit would be too weak, but there is a great deal of uncertainity
‘in this calculation, There is particularly severe uncertainty concerning
‘the reflectivity of the sufface and the backlobe suppression of the probe
antenna, Fortunately, the bus—probe separation distahce would probably be

5 .
less than 10 km,

If indeed the prébe'reaches the surface of Titan, it would probably
not surviwve the impact, Then the only information about the character of
the surface would be that derived from the atmospheric experiments by the
vAprobe and frém bus observations, - In this case, those scientists who'are.
interested in the surface of Titan could derive valuable information from
~ the strength and. spectral spread of the reflected signal, A measurement
of the spectrum might.permit determination of whether or not probe reached
the sufface, since the Fresnel zone would shrink dramatically in the final
minute, |

| ‘The equipment required to ﬁake this observation would include a receiver
which could‘measure the spectrum of thé reflected - signal which will have a

. Doppler shift about 50 to 100 Hz different than that of the descending probe.
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Scintillation—meaéurement circuitry could probably be designed to perform

this task as an adjunct process, since the basic requirements are similar,
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APPLICATION OF DIFFERENTIAL GROUP DELAY MEASUREMENT . 6,14

A description of differéntial Dopplér and differential group delay was
given in comparatively great detall in cha?ter'4. If differential group
'delay (or else three-frequency Dopplef observation) is implemented, it will
be p&ssible‘to measure the plasma content along the radio path without any
requirement for integration and the attendant need for a‘constant of
1ntegration. Since the probg will have been released from the bus roughly
; month before the encounter, it will be well-seperated from the bus
throughout the final days o£ the approach to the target b;dy. Solar wind
- electron concéentrations near Jupiter are so low that the expected electron
content of this fadio path will be only about 4 x 1013 elecfrons/mz._ At
the mére distant plénets this content will be eveh 1ess; since the concentratioﬁ 
véries as thé inverse square of the.distance from the sun, - As a result it
»is unlikelyvthat solar wind electrons could be monitored by a dual-freqﬁency
_system operéfing at 400 and 800 MHz, In order to héke observétions gt
dénsities this low; a much lower frequehcy would havé fo be used,

To place this in perspective, we note that the 50 MHz system which
was operatéd on Pioneer-épacecraft and on Mariner 5.(by the author's
organiiatiqn) was‘configured to make a differential éfoup délay observation
.'héving a.resolution of about_1016 electrons/mz. The measurement of solar
wind eiectron'céncentration by this means would require a frequency of only
a'few MHz, in turn requiring specialized equipment on.bqth the probe and

the bus, It is unlikely that such a system would be incorporated,
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As the probe and bus enter the system of Jupitér or Saturn, plasmasphere
-electrons should begin to fill the path and these might have a detectable
density. Such detection of the plasmasphere ﬁight be an objective worth
approaching b& the differential group delay method.. As described in chapter
4, the ionospheric.electrons could probably be measured by differential
Doppler without the requirement for group delay obéervation,

This gfoup delaj measurement does not meet any of the three. criteria,
and furthermore it is the author's conclusion that the method is not

cdmpetitive when compared to other alternative methods,
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RADIO OCCULTATION OF A SATELLITE OF JUPITER OR SATURN 6.15

As the probe and bus enter.the system of satellites surrounding
Jupiter or Saturn, it is possible that they might pass on either side
of one of the satellites, Operation of the probe transmitter would.then
permit the measﬁrement of a radio-occultation. The 400 MHz frequency
would provide a more éensitive indicétion of plasma than could be
obtained by S-band or X-band,

The choice of a trajectory which would producg such an occultation
would bé so confining that it would probably not be possible fb meet other
trajectory objectives on the same mission, It seems likely, then, that
the sfrong compgtition offered by other requirements for other trajectories
would outweigh the neéd for this 400 MHz occultation., In particular,
it would probably be easier and less constfaining‘if the navigators chose
insteﬁd to perform a radio occultation using the main S or X—band signal
’from the sun to Earth, This navigation would not require an accurate
knowledge of the probe location, and furthermore final frajectory‘corrections
. could be made in the last month, well after the probe had been released
from the bus, Even though the 400 MHz frequency offers the increased plasma
sensitivity, it is the author's conclusion that the radio occultation idea
Iwould not be found acceptable, Furthermore, of course, it does not meet
. any of the three main critefia unless one chooses to argue that the
occulfﬁtion might lead to a detection of an atmosphére on the satellite, 1In
this respect, it is likely that the atmospheric restriction’oflcriterion 1

'is intended to refer to the atmosphere of the probed body only.
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FARADAY ROTATION OBSERVATIONS 6.16

I have placéd this experimental method last on the list because it
is unlikely that the antennas will be designed in such a manner to accentuate
Faraday rotation, Nevertheless it is possible that unintended Faraday
rotation observafions will be obtained because it is difficult to make a
real anténna which does not have some component 6f linear polarization in
addition to its circular polarization, (Eliptical polarization may be
regarded as circular plus linear, mixed),

Aside from the fact that it is difficult to implement én unambiguous
Faraday rotation experiment between two spinning spacecraft, neither of
which has a despun éntenna, it is also difficult in the best of circum-
étances to interpret thelresulting data, After considering various
-hypothetiCal observations of this type which could be made with the 400
MHz system, the author has concluded that the main information that might
be derived would bg the presence or absence of a magnetic field, The
threshold of detectability of the field would depend partly on the radio
system and partly upon the distribution of electfons along the radio path,
It would be an uncertain experiment, at the very best,

The detgrmination of the presencé or absence of a magnetic field-
should be fairly easy by means of an on-board experiment, at least in
comparison to the Faraday rotation instrumentation., Because éf these
éonsiderations, the author does not believe that the observation of this
effect will be a design objective; furthermore, it does not meet any of

the three criteria,
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CONCLUSION

[

A brief look hgs been given at the concept that radio science might
beAinc1UQed early as a design objective associated with the Pioneer Venué
probes to Jupiter? Saturn, Titan and Uranus, Ih this examination, three
.criteria were specified in advaﬁce; (1) the experiments must.provide new
information about the atmosphere or (2) they must backup scientific data
return from experimental packages or (3) they"must aid engineers in the design
".of future pfobe radio links,

AApplying these criteria, the author considered the relative merits
of the.various experimental approaches which seemed at all worthy of
attenfiqn. Value judgmgnts were made, comprising estimétes of fhe eventual
:consensus whiéh wouldvbe reached by the scientific community with the
assumption thaf the three cfiteria were unaniﬁouslj accepted, The candidate
'experiments were then ratédAin order of their desirabilitybaccording to
these ground rules,

The value of this line of reasoning lies in its potential use as é.means
for a more cost-efféctive design of the 460.MHZ relay radio; Experience has
shown.that the consensus of the radio scientiété is often not knoWn to the
radio designers ﬁntil much of the design is complete, with the result that
‘duplication of effort occurs when early deSigns are found wanting,

The defined‘criteria and ground ru1e§ serve a valuaﬁle purpose; these
value judgments must serve as a basis for further evolution of these ideas
and ratings., Thé clear statement of ground rules facilitates.the reconsiderafion
of the rating sequéncé if the underlying ideas are changed, With this thought
in mind; the author has provided muéh descriptive material in this report:
which would not be fequired if the ground rules were guaranteed to hold fast

to the end, In particular, descriptions have been devoted to experimental
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approaches which require radio transmissions from the probe pri9r to the
aerodynamic entry and also to some measurements unrelated to the study of
the atmosphere. A consideration of these ideas, which are exterior to the
main theme of the report, may serve to provide a common starting point for
future reconsideration of these experiments and of the criteria wﬁich were

used in their rating,
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