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FOREWORD,

This technical memorandum results from a short study of

spacecraft radar systems suitable for *he Planetary Explorer

Class of Mapping Orbiters at Venus. The details of the system

recommended have been included in the Goddard Space Flight Center

submissions to the Space Science Board of the National Academy

of Sciences in June 1970. The memorandum reports the underlying

background which culminated in the Planetary Explorer recommen-

dations. It treats the broad questions of exploration of the

Venus surface using radar.
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1.	 INTRODUCTION

Remote sensing of the surface of Venus is restricted by

the clouds to microwave and longer wavelengths. Both active and

passive measurements at long wavelengths have been made from the

Earth but with only very gross surface resolution. During the

1970's it is anticipated that Venus will be investigated with

orbiting missions and it is important to define the role that

radar can play in these missions. This document attempts to

place in perspective the different modes of radar operation, to

compare their respective contributions and to identify their major

system requirements. It results from a request by NASA to define

a useful set of radar experiments which would be compatible with

the Planetary Explorer -spacecraft.

The datum from which spacecraft radar experiments should

be considered is that provided by Earth based measurements of Venus.

Earth based radar has provided the only available information on

the rotation rate of Venus which is approximately 243 days. It is

very nearly in synchronous lock with the Earth and presents almost

the same face to the Earth at each opposition. Similarly a very

accurate measure of its diameter has been obtained from Earth based

measurements. The remaining knowledge deduced from radar reflection

characteristics imply that Venus is smooth with a few pronounced

surface features or rough patches. 'there are clear differences

in the reflectivity of Venus as a function of wavelength going

from some 20% at 6m down to about 1% at 3.6cm. The atmosphere may

be absorbing the shorter wavelengths and a number of model

atmospheres have been proposed to account for this. At long

wavelengths the high radar cross section and the dielectric

constant (e = 3.5-5) implies solid rocks, possibly silicates,

rather than an extensive regolith or large expanses of liquids.

Computations of the average slopes on Venus indicate about 7-8°

compared with 10° for the Moon.
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The major drawback with Earth based radar measurements is

the limited spatial resolution which can be obtained. Current

systems using Arecibo or Goldstone, provide about 100 km resolution

and are limited to the Earth facing hemisphere and to regions

within about + 30° of the Venusian equator. The best resolution

is obtained at the sub-Earth point at conjunction. With currently

planned improvements in these systems it is anticipated that a

resolution between 1 and 5 km can be obtained from Earth within

latitudes of about + 10° and in the region of the conjunction sub-

Earth point. To obtain this type of regional scale resolution	 -.

over the whole planet will clearly require a spacecraft radar

system.

2.	 RADAR INFORMATION CONTENT

There are five properties of a reflected radar signal which

are used to derive information about the reflecting surface. These

five properties are shown in Table 1. However, considerable

deduction is required to translate the properties of the signal 	 -.

into meaningful parameters of the planet. The time delay is the 	 _s

simplest to interpret and for spacecraft systems can be used, 	 a

together with a knowledge of the orbit, to map surface elevations.

If adequate coverage is available topographic maps and 3 dimensional

surface geometry should be determinable.

The doppler shift in the carrier wave is a direct measure

of relative radial velocity of the surface with respect to the

receiver. From this can be deduced the rotation rate of the planet

and the geometrical location of specific points on the reflecting

surface but with some possible ambiguity.

The shape of the returned pulse is characterized by the

rise time and the decay time of the signal. This may be measured

directly in time (nanoseconds) or as a rate of change of doppler

shift. In both cases it is related to the roughness of the surface

IIT RESEARCH INSTITUTE
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compared to the incident signal wavelength and can be used to

deduce whether specular or diffuse reflection is taking place.

An indication is also given of the size of the area that is

reflecting the signal which is interpretable in terms of both

the surface resolution being obtained and the average surface

slope being observed.

The intensity of the returned signal is a function of

the inherent dielectric constant of the reflecting surface and

of its topography. If the geometry and surface roughness can

be determined from the pulse shape, then it is possible to compute

the dielectric constant. This is a crude method of identifying

surface materials and their physical state.

Finally by measuring the depolarization of the initially 	 --

polarized signal, deductions can be made on the nature of the

reflection, specular or diffuse, and on the roughness of the 	 _.

surface.

The above five properties are common to all pulsed radar

systems, whether Earth based, bistatic or monostatic on a space-

craft. The ease or difficulty of interpretation from these pro

perties is strongly related ;:o the signal to noise ratio of the

system. The figures given above for Earth based resolution in

fact relate to the limiting useable signal to noise ratio,

including integration of the signal. Throughout this paper, it

is assumed that a SIN ratio of 6 is obtained with integration,

while integrating the signal can provide, approximately an improve-

ment of a factor of 10. The principal advantage of spacecraft

radar systems is that their proximity to the target affords the

opportunity for high spatial resolution and an accurate knowledge

of the location of the part of the surface reflecting the signal

at any instant.
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3. VENUS RADAR MEASUREMENTS

Radar and microwave measurements are the only synoptic

measurements available for determining the surface conditions on

Venus. They must necessarily be supplemented by in situ analysis

from landers but radar should both precede and follow such direct

surface measurements. Ultimately the desire is to obtain maps of

the surface of Venus indicating topography, rock units, roughness,

average slopes and the physical and chemical state of the

constituents. A progression with time will require increasing

spatial resolution at the possible expense of planetary coverage.

Table 2 shows four categories of measurements defined by the

desired range of surface resolution. The vertical resolution is

related directly to the desired horizontal scale and it does not

necessarily represent the capability of a radar system. The

special emphases are related to the capabilities of Earth based

radar and also imply a selectivity of coverage which will arise

,s more understanding of the Venusian surface is obtained. The

theory and interpretation appears to be adequately understood

provided the resolution is large compared to the wavelength of

the signal. However, for the very high resolution requirements

_l

	

	of local and detailed measurements it is not clear that sufficient

knowledge is presently available to provide adequate interpretation

of the returned signal.

4. PLANETARY REFLECTION CHARACTERISTICS

The characteristic of a reflecting surface which has the

most profound impact on the measurement system is whether it is

specular or diffuse. Specular reflection can be likened to

reflection from a dirty mirror whereas diffuse reflection is like

that from a sheet of white paper. In actual practice no planet

can be expected to be uniform in its reflection charscterist{_cs

if for no other reason than because of surface structure, nor will
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it be perfectly specular or diffuse. Furthermore its reflectio:_

characteristics will be a function of wavelength. Typically the

Moon is an almost ideal diffuse reflector at visible wavelengths

while at 6 meter wavelengths it appears to be a specular reflect-

At the wavelengths being considered for spacecraft radar (13 cm)

it is not clear whether Venus will be predominantly specular or

predominantly diffuse. It is, therefore, important to consider

the relevant relationships for both cases. Table 3 summarizes

the priucipal effects for each case.

Specular reflection follows the classical reflection laws

and can be simulated by ray traces. The signal received in an

antenna can come from only a specific point on the planet defined

by the angles of incidence and reflection. For bistatic systems

this point is on the surface and in line with the Earth (transmitter)

and the spacecraft, For monostatic systems this point is ve;:tically

beneath the spacecraft (vertical incidence) and thus side looking

radar will not function for specular reflection. The reflected

signal is the res , ,lt of phase coherent integration at the receiving

antenna from points within the first fresnel zone. Within this

zone contributors are in phase although some contribution can

come from outside the zone if there is not complete phase cancelling

by these outside contributors. The reflected signal strength is

defined by the beam leaving the fresnel zone and is independent

of the antenna size provided the beam width is large enough.

This must be modified slightly for a spinning spacecraft since

the beam width must now be wide enough to accept signals from

the specular point despite the rotation. The area of the fresnel

zone is	 2XR where a is the wavelength and R is the distance

between the reflecting area of the surface and the spacecraft, and

which for a = 13 cm and h = 1000 km g'--s a resolution of about

1/2 km. In practice, using a bistatic system for the Moon,only

a much larger resolution of about 100 km could be obtained for

predominantly specular reflection. A rule of thumb has been to

assume that facets over a large area contribute to the signal
IIT RESEARCH INSTITUTE
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and that a relation aR seems to hold where a is the average surface

slope equalling 8-107. for Venus, and R is the distance to the

surface for low altitudes. When the altitude is greater than the

planet radius then a limiting value of R = RV is assumed. This

can be converted to ah for monostatic vertical incidence systems.

For diffuse reflection the resolution is determined by the signal

processing and doppler analysis. However, it is limited by the

pulse width to 2cTh where c is the velocity of light and T is

the pulse width when vertical incidence is employed. To gain

higher resolution from a fixed altitude for diffuse reflection

it is necessary to reduce the pulse width and consequently worsen

the signal to noise ratio. A typical pulse width of 1304secs.

gives 400 km resolution and 300 nanoseconds gives about 20 km

resolution from a range of 1000 km. Diffuse reflection will cause

appreciable distortion of the transmitted pulse. The leading edge

will rise slowly reaching a plateau in about one pulse width and

its decay tire will be stretched out by backscattering from the

outermost areas in the bean.

In interpreting the reflected signal, one of the important

deductions is of the dielectric constant of the reflecting surface.

For specular reflection a is given by e o tan  8 B, where e o is the

dielectric constant of free space and 0 B is the brewster angle

given by polarization measurements. For diffuse reflection a is

given by e o (1- Q )2 where u is the voltage reflection coefficient.

Above all else however, the differences between specular

and diffuse reflection show up in the basic radar equations used

for computing the strength of the reflected signal. The part of

the equation which varies most is the assumed radar cross section.

The overall equation for signal strength can be written as:

P r P I x L R 
x A 

r

where Pr total signal power received in the antenna

PI = Incident power density on the surface = Pt G 

4Tr^r
IIT RESEARCH INSTITUTE
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LR = loss due to reflection and travel to the antenna

from the surface

A  = effective area of the antenna = G  X2

where Pt = transmitted power (carrier wave or peak pulse)

Gt = transmitter antenna gain

G  = receiver antenna gain

r = distance from transmitter to surface

For both specular and diffuse reflection the resulting

equations are shown in Figures 1 and 2. It should be noted that

side looking radar is only applicable with diffuse reflection and

then the slant range R should be used instead of h in the equations.

5.	 COMPARISON OF RADAR MODES

Bistatic radar operates best when the signal is transmitted

from Earth and received on the spacecraft. The Aercibo or

Goldstone antennas operating at full power have been assumed for

transmitting the signal and an omnidirectional antenna on the space-

craft for receiving the reflection. If the reflection is pre-

dominantly specular then the signal will be received from the

specular point on the planet with respect to the Earth and the

spacecraft and a spot size of about 200 km diameter may be

anticipated (L. Tyler, Private Communicaticn).	 Doppler filters

will be required to locate the specular point. Also if the

reflection is diffuse then it will be difficult, without doppler

filters, to resolve anything within view of the spacecraft i.e.

about one quarter of the planetary surface.

Monostatic radar on the spacecraft offers the most in

terms of resolution, coverage and range of useable altitudes.

It may be vertical incidence or side looking (diffuse only) and

high resolution can be obtained by the addition of doppler filters.

IIT RESEARCH INSTITUTE
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For diffuse reflection the side looking mode, using time discrim-

ination in a radial direction, may be feasible and it may be

unfocused (resolving in one horizontal direction only) or focused

(imaging radar).	 Table 4 summarizes the signal to noise and

resolution characteristics of these systems and forms the pre-

liminary basis for selection of spacecraft radar systems.

jIn terms of the current needs for knowledge of Venus

it is strongly recommended that the state of the art of Earth

based systems be pushed as far as possible. 	 However for adequate

coverage, spacecraft radar systems will be required. 	 Both gross

measurements and regional measurements are considered in more

detail in the next two sections.

6.	 GROSS RADAR MEASUREMENTS

The more detailed specifications for bistatic and

e monostatic systems for gross measurements (100-500 km resolution)

are shown in Table 5.	 Either system would be adequate if the

reflection is predominantly specular. 	 However, if it turns out

to be diffuse at the wavelengths being considered (13 cm) then

the bistatic system will give no information at all on a scale

of 200 km.	 On the other hand, the vertical incidence monostatic

system still has a good signal to noise ratio at 1000 km altitude

and can suffer the R3 loss out to about 5000 Km. 	 The lightest

system is the bistatic for which the total weight of 50 lbs. is

made up principally of two redundant recorders, a receiver and a

low weight antenna.	 However, the bistatic system is the hardest

to interpret because of the complex geometry of the specular

point with respect to the spacecraft.	 Furthermore its coverage

is limited to about M. of the planet even if adequate signal

to noise ratio is available throughout the full 240 day synodic

period of Venus.

t
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The vertical incidence system would cost an additional

25 lbs. in a transmitter and three small wide angle horn antennas

and would require about 25 watts of additional power. It would

not need the 20 or so doppler filters used by the bistatic but

o't'herwise would be the same. The addition of the known geometry

from a vertical incidence system offers a simpler interpretation

problem and it would provide useful data for either specular

or diffuse reflection. In the particular case of specular

reflection it offers an excellent gross radar experiment, with

full coverage in 120 days, to complement the ground based radar

systems.

When the bistatic and monostatic systems were considered

for use with the Planetary Explorer program the vertical incidence

system seemed the more appropriate. However, further consideration

showed that it could be additionally modified to make regional

measurements down to 1 km resolution and it was finally selected

in that mode. The following section discusses the system in more

detail.

7.	 REGIONAL RADAR MEASUREMENTS (1-20 K1:

Table 6 gives some detailed characteristics of the vertical
h'

incidence radar system selected for inclusion as part of the

Planetary Explorer Mapping Orbiter payload. It uses a 5 foot

diameter antenna which has to be maintained w;thin + 3° of the

vertical for the whole time that measurements are being made.

It is a pulse width limited system using a 300 nanosecond pulse

width. Otherwise the system is very similar to that used for

gross measurements. If the reflection is predominantly specular,

the system can be used the whole way around a 400 x 50,000 km

orbit. For the diffuse case measurements can only be made over

some 9G degrees of the orbit and coverage is restricted. Since

it is not known how Venus will reflect at 13 cm this latter case

has been assumed for the Planetary explorer experiment.
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Given this experiment, it is tempting to add a simple

omnidirectional antenna and to have the system serve double duty

as a gross bistatic system and a regional vertical incidence

system. At no more cost it would be possible instead to include

low gain antennas which did not need steering and have a gross

and regional scale, full coverage vertical incidence system.

8.	 CONCLUSIONS

Although this has been only a brief study, and has

necessarily avoided the many intricacies of radar data inter-

pretation, it has demonstrated the feasibility of radar measurements

of Venus down to a resolution of about 1 km. Below this, at a

point where the wavelength approaches the desired resolution it is

not clear that the present analysis and interpretation techniques

will be adequate DOD experience should prove helpful. 	 -'

Earth based radar has played a major role in the limited 	 -^

exploration of Venus to date and it is strongly recommended that

it continue to be improved and utilized.

Bistatic radar, illuminating from the Earth and receiving

the reflection on an orbiting spacecraft offers advantages in

resolution and coverage over Earth based systems. For an invest-

ment of about 50 lbs. experiment weight, about 707, coverage can

be achieved at 200 km resolution or better over a period of some 	 ^+

240 days. This performance however assumes a predominantly

specular reflection from Venus and if, in actuality, the reflection 	 --

is diffuse at a 13 cm wavelength then no useful data will be

received.

A preferred system is a vertical incidence radar (altimeter)

which for about 25 lbs. additional weight (75 lbs total) can perform

for either specular or diffuse reflection. And in the specular case

will give 100% coverage in 120 days. By adding further antenna gain

to this sys:`em, regional measurements can be made for either specular

or diffuse reflection.	
I
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Two major problem areas still exist in defining the radar

exploration of Venus. First,it is not known how the planet

reflects at 13.5 cm. It would be most appropriate if a stiiple

experiment could be performed on the 1973 Venus/Mercury mission

to resolve this. Second, there is no experience in analysing

very high resolution planetary radar data. Side looking, coherent

systems will certainly be required for this phase but much more

experience will be required before a system can be designed for

Venus.
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