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APELTCATTONS OF RADAR TO GPACECRAFT AND SPACEFLIGHT

Richard P. Broderick, Richard G. Fenner, Robert L. Chick

National Aeronesutics and Space Adminlstration
Manned Spacecraft Center
Houston, Texas

INTRODRICTION

The advent of space programs such as Gemini, Apollo, and Surveyor have 22
tsblished radar as an essential part of spaceflight. Some of the aprlications
of radar in these programs closely resemble prior radar applications in zir-
craft, However, severasl new and unusual applications are either in the plamming
stage or under development.

Prior to the Gemini Progrem, the princlpal use of radar was as a tracking
nid. In the Mercury Program, the spatecraft carried only "S" and "C" band bes-
cons which worked in conjunction with cooperative ground based radar. The Gemini
Program, however, has used a radar-computer combination to achieve rendezvous of -
twe orbiting spacecraft, The Surveyor moon landing vehicle utilizes a Doppler
radar a2z o landing aid.

In the Apollo Program, present rlans are to equip the Lunar Excursion Model
(LEM)} with both 2 rendezvous radar anrd a Doppler landing radar system. Experi-
ments which wre presently in the plarning stage include side-locking rader sys-
tems, scatterometers, non-cooperatlvg radar systems, apd high resolution altim-
cter and velocity sensors. P

PRESENT APPLICATTIONS '

Applications of radar in spaceflight to date consist principally of epace-
craft rendezvous and spacecraft landing applicetions. In the followlng parsa-
graphs, each of these applications will be explained in relation to 1lts use iz
spaceflight.

. RENDEZVOUS APPLICATIONS

The evolution of radar systems in menned spaceflight began with the rendez-
s~ .8 requlrement. Suffice 1t to say that the basic technique of achieving 2
reendezyons e flrst to have two spacecrafts in different circular orbits arow.d
n referenced body such ap the earth. Because Lhe orbltel velocity in an inverse
Punction of the distunce from the cente: of the referenced mass, and the diameter
of the inner cirele ie smaller, the inner spacecraft will complete ar orbit
quicker than the spacecraft in the outer orbit. At 4 predetermined relative
range or angle between spacecraft, the Inner spacecraft 18 injected into an
elliptical orbit which will intersect the outer cireular orbit. A change in
veloclty, or delta V correction, 1s glven to the inner spacecraft, which will
change the circular orbit to the intersecting transfer ellipse orplt. The
amount of delta V correction is dependent on the accuracy of the range or angle
information. The fuel consumption or required fuel weight, which should be min-
imized, is a function of the number of delta V corrections required to complete
a rendezvous. As .the terminel phase 3s approached it 1s necessary to have range
rate information because it becomes difficult to visually Judge closing rates
with reference objects. Essentielly then, a rendezvous radar mist have these
charncteristics; very accurate range and/or angle information at long ranges
(midcourse corrections) and range rate information at short renges. The clrcular



orbits used ﬁpr this particular technique are commonly called concentric tra-
jectories. The methods to achieve rendezvous for both the Geminl and Apollo
missions are essentially the same.

The monopulse angle tracking technique is considered to be the most accu-
rate method of achleving high angular accuracy. The Geminl Radar System employs
an antenna with pseudo-phase monopulse cooperative tracking system, while in the
Apollo Program the LEM Rendezvous Redar uses an anmﬂitudeucomparison monopulse
cooperative tracking systenm.

LANDING ATD APPLICATIONS

The first space application of redar as a landing aid was by the Russians
in the ILuna series of ummenned soft mdon-landing vehicles. While no detail of
the mechanization of this system 1s available, it is generally believed that 1t
was & Doppler system similar to that used by the United States Surveyor unmenned
moon landing-craft. The Apollo LEM vehicle will also make use of a Doppler sys-
tem as = landing aid. .

In the applications of the radar, velocity and altitude data are used to
updete inertial data as the spacecraft approaches the Lunar Surface. ‘This 1s
generally in the 1,000 to 40,000 feet altitude range. In this range, 2 comblne~
tion of velocity and altitude data obtained by the redar is used in conjunction
with inertial data and a computer to compute an optimum trajectory for landing.
The computer then guides the spacecraft into this optlmum trajectory by firing
a descent or control engine. '

Below 1,000 feet the spacecraft may be controlled to a landing solely by
the rader system, or an astronsut may teke control. In the Surveyor, the radar
system continues to gulde the spacecraft to a soft lending, wlth the radar acou-
ally providing a signal which will shut off the descent engine at an altitude
(14 feet) which will allow the vehicle to safely free fell to tne Lunar surface.

The Apollo LEM vehicle will be guided to a hover at approximately 100 to
200 feet altitude. Below this point, inertial data which has been updated by
the landing radar will be used to bring the spacecraft to a safe landing.

A major concern in these applications is the validity of lunar reflectirity
models. The assumed lava-like lunar surface has dielectric properties which
necessltate a mean value correction of radar penetratlon (the altimeter beazm)
below the actual surface. The rough surface increases the scattering and hence,
lessens the reflected return in & memnner gimiler to absorption materlal. A re-
flected wave nlong the nedir has specular return and the combination of specular
and rough surfaces presents a lunar reflectivity model which necesgltates serious
consideration of terrain bias errors in using the redar information. .

Another consideration 1s the efficilent utilization of rf power output versus
nudio susceptibility to acoustical noise. {vibration) and mixer noise. For exem-
ple, 1f thz Doppler velocisy sensor 1s frequency moduleted, the use of & systen
based on higher-order Bessel functions, such as the first or third, would de-
crease the susceptibility in the low frequency spectrum. However, the efficiency
of the power output is reduced from a zero-order Bessel functlon system such as
unmodulated CW. Therefore, the need for low power systems in spacecraft, while
desirable, creates problems 1in system deslign. .

Another problem with radar eltimeters is proper position of the spacecraft.
Under normal aircraft flight-paths, a Doppler radar system is alined in one posi-
tion. A spacecraft such as the LEM varies its abtitude In all axes (yaw,” pitch,
and roll). As a result, the zero Doppler regilons have to be cocsldered as &
constraint to a spacecraft trajectory. This event occurs when a redar beam and
the flight path form & 90° angle as implied in the basic Doppler expression
rd = {(2V/7\) cos 8, where V 18 the line of flight velocity, 6 is the relative
depresslon angle, and A 1s the wavelength.



EVALUATION

Fvaluation of radar systems for spacecraft generally makes use of many of
1he technlques uged to evaluate aircraft radar systems. BRoreslight ranges are
utilized to determine the static angular accuracy of rendezvous radars.
Spacecraft effects such as near-field effects or multipath reflections &are
measured on a;boresight range by mounting mockups of the spacecraft on & posi-
tioner. Flight tests are used for dynamic evaluatlon.

In the development of the Gemini rendezvous radar, the wide beam-widths of-
the interferometer antenna leed some to believe that a horizontal boresight
range might yield questionable results because of ground reflection and multi-
path problems. So a vertical boresight was performed by mounting the radar on
a specially prepared stand on the ground. This stand was made of absorptive
material which minimized reflections. An aircraft containing the transponder
was then flown back and forth over this test stand. This test was performed at
the White Sands Misslle Range where accurate tracking of the aircraft could be
obtained. Optical data were then compared to radar data for angular accuracy.
A comparison of this data with boresight data from a horizontal range showed
good results. :

In the Surveyor progrem, & balloon was used to holst a scale model of the
Surveyor vehicle to & height of 1,000 feet. The vehicle was then dropped and
a large parachute deployed to slow the descent of the vehicle to that expected
on the lunar surface. The descent engine was then fired and controlled by the
radar-inertial system until the vehicle landed. This test was performed at a
specially prepared test site at Holloman AFB, New Mexico, where precise optical
tracking data could be obtained.

In the Apollo LEM vehicle, the radar rendezvous and landing systems will be
evaluated by both boresight tests and flight tests. Both systems will be eval-
uated statically on boresight ranges. The landing radar will be évaluated ty
mounting it in both a helicopter and high performance jet aircraft. These
aireraft will then fly those portions of the LEM landing trajectory which are
within thelr respective flight capabllities. = This test will a2lso be performed
at the White Sands Missile Range where accurate optical tracking data can be
obtained.

The rendezvous mission cannot be easily simulated by aircraft because of
the velocities and distances involved.. The rendezvous radar, however, has an
additional requirement to track the lunar orbiting commend and service module
while parked on the Lunar surface. This situation will be simulated by flying,
an alrcraft containing the cooperative radar system transponder over the rendez-
vous radar mounted in & LEM mockup on the ground. This test will also be per-
formed at the White Sands Missile Range where optical datas can be obtained for
comparison with the rendezvous radar data. )

FUTURE APPLICATIONS

Radar has many valuable attributes, most of which have been assoclated with
guldance and navigational capabilities; however, perhaps the most exciting poten-
tial capability of all is the utilization of radar as a sensor in geoscience
research for Earth, Lunar, and Martlan applications. The utilization of radars
in this manner hes improved very rapidly since 1945, particularly in connectilon
with side-looking imsging systems. In the future, the union of this new techno--
logy with that of an even newer one, manned orbiting spacecraf%, promises %o

open up nev opportunities and possibilities for scientific and practical resource-
oriented studles of the earth.



TYPES (F NATURAL RESOURCE SENSCRS

In general, there are two types of resource sensors. 'Passive” sensors,
such as aerial photography, and therma] infrared and microwave .scanning and
spectrometer systems, depend respectively upon reflected solar energy Oor upon
radistion emitted from terrestrial objects; while "active" sensors such as
radar depend upon transmitted apd received signals as their source of informa~
tion. Each sensor records within a reiatively narrow energy band of the.elec-
tromagnetic frequency spectrum; consequently, each obtailns different information
+bout objects and/or phenomena which reflect or emlt energy in thet band.

In the area of "active" sensors, multi-frequency polypolarized coherent,
imaging, side-looking radar systems have been proposed for spacecraft use in
support of the natural resource sensor progrem. These radars may penetrate
soils and other materiels, depending on the wavelength used. They will also be
polarization-sensitive to natural orientations of trees, rocks, crystals, bed-
ding planes and so on. These radar systems are all-weather instruments, and
share with infrared and passive microwave systems the ablility to obtain images
at night or in the long Arctic winter.

When a number of these sensors are used in concert, they give date no in-
dividual part cf which i1s diagnostic, but which together may be ummistakable.

This concept, for which R. N. Colwell {1963) uses the phrase "multiband spec-
" tral reconnaissance”, 1s the key to using spacecraft as an observation platform
in studies of earth resources. For efficlent diagnosis of the earth's land-
scapes, a variety of sensors will be required, precisely as sensing of the ills
of man may require the use of stethoscdope, electrocardiogram and X-ray.

With combinations of sensors on orbiting spacecraft, it whould be possible
greH
1. Image continuous swaths tens to hurdreds of mlles wide.

2. Obtaln physical data about objects or phencmena at any time of day or season.,
3. Monitor conditions that change with time.

The capabilities will ensble continuous Imagery to record transitions which take
place over such long distances that stailar coverage by conventional aerlal
photography would require weeks or morithsa.

Finelly, there 18 a very great advantage, in that radar is an’ allrweather
sensor capable of penetrating the thickest clouds experienced on edrth, thus, by
continuous surveillance, it can simultaneocusly provide information‘on a multi-
tude of geoscience problems, no single one of which might justify radar on a

spacecraft, but!/which collectively make it a most attractive natural resources
sensor. ! ‘

KEW SIDE LOOKING PADAR CAPABILITIES
NASA 1s supporting feasibility studles at the University of Kansas, GIMRADA,
Ohio State Univérsity, the Army Waterways Experiment Section, and a number of
other institutions which are devoted to evaluating sophisticated milti-frequency,
multi—polypolarization, coherent imaging systems for geosclence purposes. These
studies rest on' experience with multi-spectral photography (Colwell et al) and

multi~band infrared imegery (Holter and Legault ) which strongly suggests that

a four or flve-frequency system wlll give a substantiasl information gein over

a2 single frequency. In the same manner, the use of multiple polarization rests .
on the knowledge that meny objects in nature (trees, crops, rocks, soils) are
anisotropiec 1n their dielectric field, crystal orlentation, bedding, follation,
and se onjy hence potentially separsble by combining frequencles and polarizations.
As a result of the studies, these institutions have recommended the use of co-
herent synthetic aperture radars on spacecraft to provide imaging in three fre-
quencles, centered at 0.5, 2, and 8 GC. Images will be produced with direct ‘and



cross polarization at each frequency, and displayed 1n congruent gecmetry to ald
geoscience interpretation, Rsdar altimeter-scatterometers were algo recommended
at 0.4 GC ard 8 GC.

FUTURE RADAR ALTIMETER APPLICATIONS

Along with imaging radars on manned spacecraft, there is antlicipated a
significant seriee of roles for radar altimeters, particularly in sea-gtate
sensing and profiling the Antarctic continent.

Redar altimeters were developed prior to 194l. Both militery and commer-
cial versions hewve now been refined considersbly in both size and accuracy. In
this paper altimetry is gilven a broader definition since it is uded for a
downward-polnting radar 1liumineting e relatively wide area to obtain informs-
tion on altitude and on the scattering properties of the surface within 45° to
60° of the vertical. Pulsed and frequency-modulated altimeters have been used
widely for altitude measurement. For measurements of scettering-coefficlent,
pulsed and narrow-beam continuous and Doppler wide beam continuous &albimeter
systems have been used.

Radar altimeters st orbital altitude are coarse resolution instruments in
area, for they average over tems of square miles, but they can be very accurate
over the sea. Over the land, their precision is less. They may also be used as
scatterometers to measure the back-scattering coefficient as & function of view-
ing angle (00 ve 0).
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