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THE TWO-FREQUENCY, BISTATIC, RADAR-OCCULTATION METHOD
FOR THE STUDY OF PLANETARY IONOSPHERES

32177

Abstract: A method for the study of planetary ionospheres
is presented‘which is based on the use of radio waves pro-
pagated between the earth and a spacecraft on an occulting
trajectory beyond the planet. Phase path, group path, or
amplitude measurements made during spacecraft immersion
into, and emersion from, the occulted zone could be used to
deduce vertical electron density profiles at the two limb
positions probed by the waves., By using two or more har-
monically related frequencies, the ionospheric measurements
would be self-calibrating, thus avoiding the extreme mea-
surement and computational precision that otherwise would
be required. Furthermore, the use of more than one fre-
quency makes 1t possible to separate dispersive ionospheric
effects from the non-dispersive refractive effects of the
neutral atmosphere, so that both neutral and lonized regions
of the atmosphere could be studied in some detail., It is
suggested that this simple technique would be particularly

applicable for the initial exploration of planetary atmos-



Introduction: Not much is known about the lonized upper

regions of the atmospheres of our neighboring planets and
exlsting lonospheric models have a large degree of uncer-
tainty. As an example, let us consider some ionospheric

densities suggested for Mars. Chamberlain [1962] gives
11

a peak electron density of about 10 elec/mB. Computatlons

based on atmospheric models developed more recently, however,

12

suggest a peak density of the order of 10 elec/m3.

Norton [1964] finds that the peak density could be as high

as 2 x 10%°2 elec/mB, even for quiet solar conditions. The

main reason for the iarge uncertainty in the electron den-

sity is that the ratio between the density of atomic oxygen
and molecular nitrogen is not known.

Many of the questions concerning the parameters of the
Martian atmosphere have now assumed conslderable practical
importance because of the interest in sending orbiters and
landing probes to the planet. The design of such probes
can be simplified and the probability of mission success
improved if the atmospheric parameters can be specified
with better accuracy.

To be discussed here is a bistatic radar occultation
method for the study of planetary ionospheres. Blstatic
radar is differentiated from monostatic radar in that the
transmitter and receiver are at different locations in the

former. For astronomlical applications, we imply that one



1s on the earth and the other on a space probe. If the
trajectory is such that the space probe passes behind a
planet as viewed from the earth, the radio ray path from
transmitter to receiver will pass tangentially through the
atmosphere and be occulted at the 1limb. Perturbations
imposed on the radio waves by the planetary atmosphere
provide a sensitive measure of atmospheric parameters.

The basic quantity in such an experiment 1s the profile in
height of the refractive index of the atmosphere. Both
the neutral and the ionized regions of the atmosphere will
in general contribute to this profile,

The main purpose of this paper is to dilscuss in some
detail how the two-frequency, bistatic, radar-occultation
method can be utilized for determination of the distribu-
tion in height of electron density in a planetary ionosphere.
In a separate publication, emphasis was placed on the deter-
mination of the scale height and density of the lower
neutral atmosphere, assuming that measurements at only one

frequency were available [Fjeldbo and Eshleman, 1965].

A single-frequency, bistatic, radar-occultation
experiment 1s to be conducted using the tracking and
telemetry system of the Mariner spacecraft due to reach
Mars in July, 1965. Measurements made at a single radio
frequency do not allow experimental separation of disper-

sive ionospheric refraction effects from the non-dispersive



effects of the neutral atmosphere. The difference in height
of the two regions may still make it possible to separate
effects of the neutral atmosphere near the surface from
higher ionospheric perturbations, if the electron density
istribution in the ionosphere is sufficiently close to

being spherically symmetrical. However, one can avoid these
uncertainties and obtain a more accurate determination of
the parameters of both the upper and lower regions of the
atmosphere by using two (or more) frequencies in such an

experiment,

General Discussion: The two-frequency, bistatic, radar-

occultation method to be discussed here requires a space-
craft tha& mbves along a trajectory which involves occulta-
tion by the planetary ionosphere as viewed from the earth.
Two signals, one at high and one at low frequency, are

used to probe the i1onosphere during immersion and emersion.
The fregquencies should be chosen such that the highest fre-
quency is relatively unaffected by the ionized medium and
can serve as a basis of comparison for the lower frequency.
Self-calibration of this type makes the ioncspheric phase
path measurement relatively insensitive to possible errors
in the computed spacecraft trajectory. Phase-path measure-
ments of the neutral atmosphere, and single-frequency,
phase-path measurements of lonospheric effects require in-
formation on spacecraft motion to a very high degree of

precision.

i




The phase of the radio waves will advance and
their amplitude will vary as the ray paths penetrate the
planetary ionosphere. The amplitude variations are pro-
duced by focussing of the waves, as the amount of refrac-
tion imposed by the ionosphere is a function of the depth
of penetration of the piopagation path. It will be shown
that continuous measurements of amplitude or phasgse varia-
tions during the occultation may be used to determine the
electron density profile in those regions of the atmosphere
which are probed by the radio waves.

For the purpose of illustrating the problem, it is
convenlent to use a numerical example worked out on the

basis of a particular model ionosphere. Chamberlain [1962]

developed a model for the Martian atmosphere which has a
pressure at the surface of about 85 mb. This model leads
to an F; region at an altitude of about 320 km with a noon

11 elec/m3° Chamberlain's model iono-

density of about 10
sphere also contains more detailed altitude variations,
but for the purpose of illustrating the problem,it is suf-
ficient to use one layer. Therefore, in the example to

follow, we will use only a single Chapman layer to repre-

sent the Martian ionosphere:

N(h) = N__. ° exp %{1 + (h,-h)/H - exp[@o—h)/H]} (1)



For Nmax’ ho, and H, we will use lOll elec/mj, 320 km,
and 130 km, respectively.

The phase advance due to the ionosphere may conveniently
be measured by tfansmitting harmonically related frequencies
and comparing the phase of the two signals after they have
propagated through the Martian lonosphere.

For the assumed model, one might use 50 Mc for the
lower of the two frequencies. The power requirement at
this frequency makes it advantageous to transmit from the
earth and receive in the spacecraft. A second frequency
could be provided by the tracking and telemetry system.

The present Mariner-Mars mission uses a telemetry frequency

of about 2300 Mc [Kliore et al, 1964]. For the purpose of

illustrating the problem, it will in the following be assumed
that the 50 and 2300 Mc signals are derived from the same
frequency source and transmitted from the earth to the
spacecraft. The beats between the 50 Mc and the 1/46
subharmonic of the 2300 Mc signalscan be counted during
occultation and telemetered back to the earth to measure
ionospheric phase advance vs. time.

As an approximation to the radlo phase effect, one can
assume straight-line propagation through the ionosphere.
This simplification gives a first approximation ¢ to

1
the phase path increase

N
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where %X 1is the free space wavelength, and p 1is the-
refractive index 1n the ionosphere. The geometrical quan-
tities involved are illustrated in Fig. 1. The ionospheric
phase path 1lncrease ¢l(p) used in this publication 1is
dimensionless since 1t is normalized to the free space wave-
length A,

The magnetoionic theory relates  to the electron

density N, and the radio frequency f by:

L - k0.3
2

—~
W
~

lJ,, =

where it is assumed that the radlio frequency 1s much larger
than the maximum plasma-, collision-, and gyro-frequencies
of the ionosphere. All formulas given in this paper will be

in MKS units. A combination of eqs, (2) and (3) gilves

¢ (p) = -40.3 I(p)/cf (cycles) (4)

where c¢ 1s the free-space phase velocity and I{p) 1is

the electron content along the straight-line approximation

to the propagation path. The function I(p) 1s given by:

40 5
I(p) = [ N az (elec/m") (5)

-0

Figure 2 shows ¢1(p) or I(p) for the lonospheric model
adopted here. The ilonospheric phase advance of the 50-Mc

signal is seen to reach a maximum of more than 900 cycles.
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The phase path approximation obtained by assuming
straight-line propagation is adequate for small angles
of refraction, when the space receiver is close behind the
planet.

The angle o by which the ray path is refracted can
now be related to ¢1(p). The wave fronts emerging from
the planetary ionosphere have been perturbed a distance
[X¢1(p)] in the z-direction. The corresponding change in

the wave normal direction gives

a = A f;%iﬁl (6)
or
a = - 153 o) (7)

which is valid for small angles of refraction.

Figure 3 shows the way in which the 50-Mc waves are
refracted by the assumed model ionosphere. Note that the
scale is different in the directions longitudinal and
transverse to the lncoming propagatlon path. The cross
section of Mars, therefore, looks like an ellipsoid in this
space.

The Chapman model has the property that it causes
two caustics, each with two branches, to be formed behind

the lonosphere. The signal 1s received simultaneously via

10
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three different propagation paths in the regions beyond
the caustics. Thils phenomenon is also illustrated in
Fig. 3, although there the caustic closest to Mars is
degenerated into a one-branch caustic due to shadowing
by the limb. The spacecraft trajectory should avoid the
caustic regions 1in order that the phase and amplitude
measurements not be confused by multiple rays.

It is important to take into account the bending of
the propagation path when the spacecraft is far behind the
planet. Approximating the propagation path with two straight
line segments along the ray path asymptotes gives the phase

path increase ¢ due to the planetary ionosphere:
o(r)) = o (p) +o” z_/2x (cycles) (8)

or

o (r) -40.3 I(p)/cf + (812.0 z_/cr’)[a1(p)/apl®

(9)

where ry and Z are the coordinates of the spacecraft.
An absolute phase path measurement yields ¢ for different
positions of the spacecraft along the trajectory, and we
wlll therefore consider ¢ a function of rge

The first term on the right-hand side of equation (9)
is the famillar phase effect proportional to the electron
content I(p), and inversely proportional to the radio
frequency f. The last term in equation (9) accounts for

12




the increase 1n phase path length caused by the bending of
the propagation path. This effect is proportional to the
square of the gradient in I(p) and inversely proportional
to I,

The ¢(rs)—curve can be obtained from ¢l(p). This
construction is indicated in Fig. 2. By moving from polint
A on the ¢l(p)—curve, a distance azg parallel to the

2

abscissa and a®z /2\ cycles parallel to the ordinate

gives the corresponding point C on the phase path curve
¢(rs).

The frequency shift caused by the ionosphere is given
by the negative of the product of d@(rs)/drS and the
radial spacecraft velocity drs/dt. This frequency is
shown in Fig. 4. Assuming drs/dt = -3.5 km/sec, 1t 1s
seen from Fig. 4 that the model ionosphere adopted here
produces a maximum frequency shift of about 6.5 cps.

This effect would be additive to the standard doppler shift
caused by relative motion of the transmitter and recelver.
An absolute measurement of the phase path changes
taking place during the occultation requires only a single

frequency. This measurement ylelds ¢(rs), from which
the refractive index profile of the entire atmosphere may

be calculated [Fjeldbo and Eshleman, 1965]. With two

frequencies one can also make a self-callibrated measure-

ment of the lonospheric phase path effects alone.

13
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In the following it will be assumed that the two harmoni-
cally related frequencies f and mf are used to probe the
ionosphere (m > 1). By counting the beats between f and
the 1/m-subharmonic of mf, one obtains a measure of dif-
ferential phase path [A¢(rs)]. From equation (9) it 1s
seen that one can neglect the effect of ionospheric ray
path bending at the highest frequency mf 1if m 1s suffi-
ciently large. (This assumption is not strictly necessary.)

For the differential phase path [A¢(rs)], one obtains:
Av(r ) = [o. (p) + oz /2n] T (r.)]
) 1 S f m 1V's/ 'mf

where the first bracket on the right-hand side refers to
the phase path at frequency f. The propagation path at
this frequency has a radius of closest approach p. The
second bracket refers to the phase path at frequency mf.
This last propagation path is a straight line with distance
ry from the center of the planet.

The equation for the differential ionospheric phase

path can be rewritten in the following form:

ao(r)) = o,(p) + alz/2h - ie- o (r) (10)

where ¢,(p), ¢1(rs), a, and X in the last equation
all refer to the lowest frequency f. Equation (10) can

also be expressed in terms of I(p) and that gives:

15




-

ao(r ) = -40.3 I(p)/ef + (812.0 z_/er’) [aI(p)/apl?

+40.3 I(rs)/cf m®

(11)
The refraction in the i1onosphere causes focussing of

the waves as Fig. 3 l1lllustrates. Defining the refraction

gain Gr as the change in amplitude due to differential

refraction one obtains

G, = -10 log |1 + 2 dq/dpl (db) (12)

which is valid when ‘azslﬂ<< r_. The refraction gain can
also be related to the second derivative of the electron
content:

Gr = -10 log

1 - (0.3 z_/%) a® 1(p)/dp” (13)

Figure 5 shows how Gr would vary during occultation
of the Chapman ionosphere adopted here.
The curves in Figs. 2, 4, and 5 are shown as a

function of the straight-line miss distance (r_ - R.),

S p

where Rp is the radius of the planet. The occultation

1s assumed to take place 15,000 km behind Mars. Under
these conditlons the spacecraft will move wlith a velocity
of the order of 3.5 km/sec in the r-direction. At this
velocity the probing ray path sweeps through the lonosphere

in about 7 minutes. The changes in the phase and amplltude

16
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take place relatively slowly during the occultation of the
ionosphere, and a low data sampling rate may be sufficient
to recover most of the variations.

Equations (12) and (13) can be simplified further when

S

z_ da/dp |<<1 .

In terms of the second derivative of the electron content,

one obtains

6, = (175.0 z /r%) a®I(p)/ap” (14)

A more complete treatment of the phase and amplltude
variations caused by refraction in a planetary ilonosphere
has been given by Fjeldbo [19641].

It will now be outlined how the electron density
profile can be determined from the radio occultation
measurements. The solution to this problem can conveniently
be divided into two steps:

1. First, one can determine the straight-llne phase
path ¢l(p), or the electron content profile
I(p), from a measurement of the phase or amplitude
variations that occur during immersion and emersion.

2. Second, one can use the electron content profile to
calculate the electron density profile, assuming
that the ionosphere may be considered spherically
symmetrical in those regions probed by the radio
signals.

18




The first step in this procedure is easlly 1llustrated
by assuming that the differential phase path A¢(rs) in
equation (10) has been measured during immersion or emer-
sion., When considering the slope of A¢(rs), one finds

that:

xalae(r, )] ar xa[¢1(p)+a2zs/2x]/d(p+azs)-(x/m2)d¢1(rs)/drs

= 1
= (1 m2) a

for small angles of refraction.
This derivation ylelds o as a function of the

spacecraft coordinate rge

a = [mn/(nf-1)] alae(r )]/ar, (15)

In other words, the slope of ¢l(p) and the slope of
A¢(rs) at ry=p t+z0 both yleld the angle of refraction
a for the propagation path with radius of closest approach
p.

For the regions where zsk.{dIA¢(rS)]/drs-}2 /2 1is

negligible, one obtains from equation (10):
2 A 2 6
o (p) = md Bo(r))/(a? - 1) (16)

where p = ryo since the propagation follows essentlally

straight 1lines.

19




Next, 1t will be shown how ¢,(p) may be obtained
from A¢(rs) in regions where d[A¢(rs)]/drS > 0. From
equation (10) it is seen that knowing ¢1(rs) permits
calculation of ¢1(rs - az ) when A¢(r ) has been
obtained from the phase path measurements. This procedure
allows a stepwise determination of ¢1(p) starting at
large and moving towards small values of p.

A simlilar procedure can be followed in regions where
d[A¢(rS)]/drS < 0. When ¢,(p) 1is known, one can find
o (p + azs) from equation (10). In this way one can
calculate ¢1(p) by starting at large and successively
moving towards smaller values of p. Having found ¢1(p),
we also know the electron content I(p) since the two
only differ by a constant factor.

The procedure discussed here can also be used to
calculate ¢l(p) from an absolute measurement of the
ionospheric phase path increase ¢(rs). This mainly
amounts to setting l/m2 equal to zero in the above
expression.

Note that the differential phase path method does
not yield ¢,(p) for those rays that are bent further
behind the planet than the calibration signal. This
limitation can be minimized by choosing the lower fre-
quency sufficiently high such that the bending of the

propagation paths around the planetary limb is negligible,

20




It can also be shown that group path or amplitude
measurements may be used to find the electron content
I(p) [Fjeldbo, 1964]. The last method utilizes equation
(13). 1In practice it would be desirable to measure phase
path, group path, amplitude, and polarization during immer-
sion and emersion to obtain both redundant and complementary
information on the profiles of electron density, absorption
or scattering loss, and the planetary magnetic field.

The final step in calculating the electron density
profile from the phase path, group path, or amplitude
measurements will now be outlined. Equation (5) relates
the electron density N to the electron content I{(p).
Assuming spherical symmetry one can show that this equation
is a special case of Abel's integral equation. Solving

for N(p) gives:

(/)8

N(p) = = [1(p) - T(¢)]e (6%-p%) 2 ae  (17)

g

P

where € 1s a dummy variable of integration.

The pole of (52~p2)'5/2 may cause inaccuracies if
equation (17) is used in the calculation of N(p). These
errors may be avolded by expanding the integrand in a
Taylor series the interval from p to p+Ap and evaluating
this portion of the integral analytically. In this way

one obtains:

21
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where Ap should be chosen small enough such that I(p)
can be approximated by its tangent in this interval. 1In
derivingeaqation (18), 1t was also assumed that I(£) is
negligible for £ 1larger than the outer radius Py of the
ionosphere. Numerical calculations of N(p) using equation
(18) have the advantage that integration is required only
over a finite interval in £, and that the integrand con-
tains no pole in this region,

Measurements made during immersion and emersion give
the electron density profile at two different local times,
latitudes, and seasons. These profiles are furthermore
related to the neutral constituents in the atmosphere. A
measurement of electron concentration plus knowledge of
recombination and attachment coefficients permit the pro-
duction rate to be det=mined for steady state conditions.
This, in turn, permits the calculation of the concentration
of the ionizable constituents, since the intensity of the
lonizing agents are relatively well known from rocket and

satellite measurements,




The lower frequency signals may suffer some absorption
as the propagation path passes through the lower ionospheric
regions. In that case it would not be possible to use the
amplitude measurements at the lower frequency to calculate
the electron density profile unless a separation of refrac-
tion gain and absorption can be made using their different
dependence on Zge On the other hand, these amplitude
measurements may be used to estimate the vertical collision
frequency profile, assuming that the electron density profile
has been found from the phase-path or group-path measurements.
The collision frequency 1s again related to the temperature
and density of the neutral gas.

A non-spherical distribution of the electron density
will cause some ambigulty since 1t 18 necessary to know
the form of the horizontal variations in order to determine
. the vertical density profile from the content profile.
However, examples taking into account the solar zenith
angle dependence in the Chapman layer, which 1is omitted
in equation (1), show that the average electron density
profile can be obtained with good accurécy when the hori-
zontal vardiations in N are neglected in the regions

probed by the radio signals [Fjeldbo, 1964].

23




Changes in the earth's ionosphere and in the inter-
planetary medium may also affect the measurement. For
instance, the maximum rate of change of ionospheric electron
content in the afternoon and evening (the time of Martian
encounter for the 1964-65 mission) is approximately 1012
elec/m?/sec. From lonosonde measurements it is conserva-
tively estimated that 80 percent of this variation may be
predicted, leaving an uncertainty of only T 2 x 1012
elec/mz/sec. This rate of change corresponds to a wave-
length uncertainty at 50 Mc of only 0.005 wavelengths/sec,
or about one wavelength every three minutes. In the period
of approximately 7 minutes during which the minimum ray
path altitude varies from about 1500 km to the Martian
surface, the earth's lonosphere would contribute an uncer-
tainty of only about two wavelengths to the total of approx-
imately 600 wavelengths. Measurements of the electron
content near the earth with moon echoes, or by using signals
from satellites, might further reduce this uncertainty.

There does not appear to be sufficient data at present
to make a good estimate of the possible interplanetary
effect. One might expect that if a major solar stream
crosses a large fraction of the ray path during the encounter
measurements, it could be difficult to separate the effects.
With a steady solar wind, there may be fluctuations due to

temporal and spatial irregularities, but we know of no good

24




measures of this effect. The moon echo measurements
being conducted at Stanford could perhaps set an upper

1imit [Howard et al, 1964]., It 1s found that there are

RMS fluctuations in the frequency of the reflected echoes
of about 0.1 cps at 25 Mc for a 2.5 second pulse. No doubt
most or all of this uncertainty is due to lonospheric irreg-
ularities, libration of the rough lunar surface, and
measurement limitations. However, 1f it 1s pessimistically
assumed that all of it is due to irregularities in the
interplanetary medium, and that the space and time varilatilons
can be treated as independent and random, one finds an 11
cycle uncertainty in a 7 minute measurement of phase path
from the earth to the Mars probe. This very pessimistic
assumption for an upper limit of the uncertainty due to
the interplanetary medium during quiet solar conditions
thus leads to an uncertainty in phase path which 1s much
less than the representative Martian lonospheric effect
illustrated in Fig. 2,

The radio waves are also refracted by the lower
neutral atmosphere and diffracted at the planetary limb.
These effects provide a sensitive measure of scale height

and density in the neutral atmosphere [Fjeldbo and Eshleman,

1965], especially if the experiment provides separation
of dispersive 1lonospheric refraction effects from the

non-dispersive effects of the neutral atmosphere.
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In order also to 1llustrate the advantage of using two
frequencles in the determination of the refractive index
profile of the lower neutral atmosphere, it will in the
following be assumed that ¢1(p) has been calculated from
measurements at two frequencies f and mf. Taking into
account the effect of both the ionized and the neutral part
of the atmosphere, one can rewrite equation (2) in the

following forms

40
o1 (psf) = % S (b, - 1) az - 222 dez (19)

-~ 00

where ¢l(p,f) denotes the strailght-line phase path at
frequency f, A the free space wavelength corresponding
to the frequency f, and o, the refractive index profile
of the neutral atmosphere. Similarly, one can write for

the straight-line phase path at frequency mf:

m 40.
CDl(p,mf) = 5 S: (h, - 1) dz - Cfm3 ZNdz (20)
From equations (19) and (20), one can show that:

_%: fn (un _ 1) dz = mq)l(p’mf; - ¢l(P,f) (21>

~ 00 m -1

from which the vertical refractive index profile of the

lower neutral atmosphere may be determined. Equation (21)

26



shows that 1t 1s not necessary to assume a spherically sSym-
metric lonosphere 1n order to determine the refractive
index profile of the neutral atmosphere, when two frequen-
cles are used 1in the occultation experiment. This result
is very important in cases where very large ilonospheric
effects might otherwise mask the effect of a neutral atmos-
phere of low density.

The best choice of frequencies for the radio occultation
experiment depends on the electron density profile of the
lonosphere to be explored, and on the distance between the
spacecraft and the planet during the occultation. There is
a lower 1limit to the frequency that can be used, if the
caustic region is to be avoided. This minimum usable

frequency fmin is given by:

2
d I
foin = 40’325 _——1%1 (22)
dp
max

Equation (22) can be obtained from equation (13) by making
use of the fact that the refraction gain Gr approaches
infinity at the caustic.

It is seen from equation (22) that the minimum usable

frequency fm is proportional to the square root of the

in
spacecraft-planet separation distance Zg and the maximum

of the second derivative of the electron content I(p).

For a single Chapman-layer model, one finds that fm is

in
proportional to the maximum plasma frequency in the

ionosphere [Fjeldbo, 1964].



A 50-Mc signal has been used in the numerical examples
in this publication. This choice was based on the 1O11

elec/m3 peak density obtained by Chamberlain [1962].

Atmospheric models developed more recently suggest that
the peak electron density might be as high as 1013 elec/m’>
[Norton, 1964], so that a frequency around 500 Mc may,
therefore, be a better choice.

An even higher minimum usable frequency is obtailned if
one conslders the possibility of patches of dense sporadic-E
ionlzation similar to those observed in the earth's iono-
sphere. Very large density gradlents may be encountered
here, so that fmin estimated from equation (22) might be
many thousands of megacycles. This emphasizes the importance
of using frequencles considerably higher than the maximum
plasma frequency, although increasing the frequency decreases
measurement precision for other regions of the ionosphere.
Possible signal reception over several different propagation
paths due to spcradic-E would not affect the quality of the
data for the rest of the ionosphere., However, ionization
patches of this type would tend to reduce the accuracy with
which the refractive index profile of the lower neutral at-
mesphere could be determined. This last situation may be
avolded by increasing the lower radio frequency or de-
creasing the planet spacecraft separation distance,

Under certain conditions of ionospheric layer density,

sporadic-E gradients, and neutral atmospheric
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density, it may be highly advantageous to use at least
three frequencies 1if both lonospheric and atmospheric data
are to be obtained with good accuracy.

To be discussed next is the power and antenna gain
required to conduct the ionospheric radio occultation
experiment. Cosmic noise 1s the limiting factor in signal
reception at 50 Mc. Assumling a signal-to-noise ratio at
the space receiver of about 25 db in a 30 cps bandwidth,
and an earth-Mars distance of 1.5 Astronomical Units,
one finds that 1t is necessary to radiate about 7 x 106
watts/steradian during the occultation. This requirement
can be satisfied with a 75 foot diameter dish and a 1200 kw
CW transmitter. A 150 foot dish requires a 300 kw trans-
mitter. These numbers all refer to a 50 Mc signal. The
power requirement at 500 Mc 1is down by about a factor of
ten, mainly due to a lower noise temperature, and 30 kw
should be sufficient if a 150 foot dish 1s used for trans-
mission from the earth.

It i1s seen from these power estimates that it would
not be feasible at present to transmit a signal in the VHF
range from the spacecraft and receive it on the earth. At
these frequencies, one has to make the transmission from
the ground and telemeter measurements of the changes in

phase and amplitude back to the earth.
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Conclusicns: It I1s necessary to have fairly good atmospheric

models before more sophisticated missions can be designed
to explore the planets in our sclar system. Entry probes
can also be used to study these atmospheres L§eiff and
Reese, 1965]. However, the radic occcultation method is
superior from the paint of view of simplicity. In addition,
thls method permits dlurnal and seascnal changes in differ-
ent regions of the atmosphere to be studied from a single
orbiting satellite. On the basis of these considerations,
it is suggested that the two frequency, bistatic, radar-
occultation experiment be used, particularly for the
initial explcration cf planetary atmospheres.

If an orbiting satellite is used, one might also
employ the radlo echo reflected from the plaret to study
the planetary surface. A separate publication is teing
prepared to dlscuss thls subjJect. It shculd, furthermore,
be mentioned that the spacecraft equipment required for
the twc-frequency occultaticn experiment can very well
be used to monitor the average interplanetary electron

density while the space prote is 1n transit.
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