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INFRARED NAVIGATION SENSORS FOR SPACE VEHICLES
Eric M, Wormser^ and Morris H. Arck^
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ABSTRACT
Space flights have established that sensing the thermal
horizon between a planet and its space background provides a
means for determining a local vertical suitable for spacecraft
roll and pitch stabilization with respect to the planetary
surface. Compact horizon sensors with high sensitivity in the
far infrared spectrum have been designed and used for stabilizing space vehicle flight in the vicinity of Earth. The
concepts and techniques employed may be extended for interplanetary navigation and for attitude sensing and control with
respect to other planets. The paper begins with a description
of the nature of planetary radiation and the infrared detectors and optical materials suitable for use in navigation
sensors. It continues with reviews of the principles, applications, capabilities, and limitations of various sensors that
have been developed to date.
INTRODUCTION
In the first phases of space exploration in which mankind is
currently engaged, navigation and observations in the parts of
the solar system close to Earth are primary concerns. For
navigational purposes on or near the surface of Earth, it has
long been customary to use the local vertical as a reference.
With the launching of missiles and satellites, this local
vertical has now come into importance as a reference for space
navigation and for control or determination of the attitude of
space vehicles. For homogeneous celestial bodies of spherical
shape, the local vertical is coincident with a radius of the
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body and has two properties by which it can be determined.
First, it is perpendicular to the plane of the horizon, as
seen from the point of observation; second, it coincides with
the gravity vector through this point. The local vertical is
a relative rather than an absolute direction.
The commonly employed systems or methods for determining the
local vertical are gravity sensing systems, inertial reference
systems, and visual or infrared systems for observing the
planet-space discontinuity.
Space flights during the past few years have established
that the infrared radiation received from Earth at a point in
space clearly delineates Earth against its space background
under all weather conditions and during the day or night. By
detecting this thermal horizon, a sensing system provides
space vehicles with the means for determining the local vertical at all times. This vertical now becomes a reference for
pitch and/or roll stabilization of these space vehicles and
for making angular attitude measurements. For this purpose,
horizon sensors have been developed with high sensitivity in
the far infrared spectrum. These sensors are compact units,
completely automatic and passive in operation. The concepts
and techniques evolved in sensor development may be extended
to include interplanetary navigation plus attitude sensing and
control with respect to other celestial bodies, as well as
Earth.
This paper describes the applications, capabilities, and
limitations of the various types of sensor systems which have
been developed to date.
BASIC PRINCIPLES AND CONCEPTS
Thermal Radiation From Planets
The radiation that is passively emitted by a planet depends
primarily on the absolute temperature at the top of the planetary atmosphere or at the surface of the planet itself,
depending on the nature of the planetary atmosphere.
Table 1 shows the absolute temperature, the resulting wavelength range, and the amount of radiation emitted from the
surface and the top of the atmosphere of Earth, the moon, and
the nearby planets, Venus and Mars. It can be seen that the
temperature of the emitting surfaces ranges from 120° to
430°Κ; this results in almost all of the radiation being
emitted in the infrared region of the spectrum at wavelengths
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longer than 5 μ . Hence, for sensing the radiation passively
emitted loy Earth, moon, and nearby planets, infrared detectors
must be relied on to have sensitivity in the wavelength region
from 5 to 40μ.
The thermal radiation emitted by a planet can be used for
space vehicle navigation and control. A practical method for
determining the orientation of a space vehicle with respect to
a planet and for measuring the vehicleTs distance from the
planet is to establish the planet horizon by sensing the
thermal discontinuity between the horizon and the space background. This thermal contrast is determined by the radiation
emitted by the planet surface or atmosphere (see Table l ) ,
since the thermal radiation from the space background is
essentially zero.
The infrared radiation received at a space vehicle from a
point on a planet is contributed by two sources: emitted
thermal radiation and diffusely reflected solar radiation.
Emitted thermal radiation depends on the temperature of the
planetTs surface and the temperature, composition, and density
of the planetrs atmosphere. The temperature and, hence, the
thermal radiation of planets having relatively dense atmospheres, such as Earth, Venus, and Mars, is relatively constant
and uniform over the planet1s surface. Planets or satellites
having very tenuous atmospheres or none at all, such as the
moon, go through larger temperature cycles. The reflected
solar radiation from any part of a planet varies greatly over
the surface of the planet, as a function of time, depending on
the position of the terminator and the albedo of the region of
the planet, which in turn depends on the nature and height of
the clouds.
To sense reliably the horizon-space discontinuity and to
minimize false indications from sharp visual discontinuities
on the planet surface, it is desirable for the horison sensor
to respond to emitted thermal radiation only. Reflected solar
radiation has the color temperature of the sun, which is
6000°K and has 95$ of its energy at wavelengths shorter than
2 μ . As shown in Fig. 1, the infrared detection system can be
made relatively insensitive to sunlight by using an optical
element or optical filter of pure germanium. This has good
transmission at wavelengths longer than 1.8 μ and zero transmission at wavelengths shorter than Ι.βμ. More will be said
about optical materials and filters in the next section.
During the operation of weather satellites (Tiros I and II)
sharp thermal radiation discontinuities were observed over
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Earth at areas other than the horizon. In Tiros I this fact
was first disclosed by a radially oriented infrared sensor
that is described later. In Tiros II, actual waveforms were
telemetered to Earth of the irradiance levels measured during
continuous sweeps of the 5° instantaneous field of view of a
multichannel radiometer, which was employed to measure these
levels in five different spectral bands. Typical waveform
records obtained with the radiometer channel filtered to the
β to 12μ atmospheric window are shown in Fig. 2. The clearly
observable thermal gradients occurred both day and night and
are believed to be due to contrast in this spectral region as
the radiometer scanned from sharp cold cloud edges onto relatively warm Earth background and back again (l).-^
In recent high altitude balloon flights (2), which carried
conical scan type horizon sensors having a spectral passband
from 1.8 to 18μ, the aforementioned observations were duplicated. It was found that the contrast level due to such
discontinuities were as much as 30% of the irradiance levels
obtained from the Earth-space horizon.
Infrared Detectors and Optical Materials
Two types of infrared detectors may be considered for use in
the spectral region from 5 to 40μ. First are the photoconductive detectors; in particular, several types of impurity
doped germanium photoconductive detectors have recently become
available. The spectral response and relative sensitivity of
these detectors, compared with a good quality thermal detector, are shown in Fig. 3 (3,4)· However, as shown in this
figure, the photoconductors require cooling to very low temperatures. The problem of cooling a photoconductive infrared
detection element to these low temperatures in a space vehicle
is a formidable one and has not yet been solved in a satisfactory manner. Cooling of detector elements by means of
radiation exchange with the space background, which is at
absolute zero, can be contemplated; but indications are that
temperature depression to levels as low as required by long
wavelength photoconductive detectors is not feasible.
The other type of infrared detectors, which have essentially
uniform response over the wavelength region from the ultraviolet to the far infrared, are the thermal detectors operating at ambient temperature. Of these, solid backed thermistor bolometers (5) are the most practical. They are small,
rugged, fast, and sensitive, and can be made with sensitive
areas having linear dimensions from 0.1 to 10mm.
^Numbers in parentheses indicate References at end of paper.
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Optical immersion lenses of high refractive index, infrared
transparent material can be added to thermistors, thus providing large factors of additional optical gain. Concentric
germanium immersion lenses increase the detectivity of infrared scanning systems using thermistor detectors by a factor of
four, thus permitting the design of infrared space navigation
sensors that are one fourth the diameter otherwise possible.
Optical elements may be fabricated from materials that have
good transmittance in the infrared region under consideration.
Germanium and silicon are the preferred optical materials,
since in addition to good transmittance, they have absorption
edges at 1 . 8 μ and 1 · 2 μ , respectively, and the high refractive
index of N=4 and Ν=3·5, respectively. Germanium rejects more
scattered solar radiation; its high index of refraction (4·θ)
and low dispersion permit fabrication of fast lenses with
moderate curvature and a minimum of chromatic aberration. The
effective low transmission (see Fig. l) is due to reflection
losses caused by its high index of refraction but can be improved by the application of antireflection coatings. These
coatings increase the transmission to 90$ (coatings on both
sides) per element. However, this improvement can be made
only at a specified wavelength for which the coating thickness
is a quarter wavelength. The transmission characteristic of a
single germanium element, coated both sides to peak at 1 2 . 5 μ ,
is shown in Fig. 4 · In the same figure is a transmission
curve for a complete optical system containing four germanium
optical elements: an immersion lens, an objective lens, an
optical wedge, and a plane window. All are coated on both
sides, and all are peaked between 12 and 1 3 μ . Such a spectral
response curve is best for sensors operating against Earth or
Mars. For Venus, the coating should be peaked at about 9 μ ·
For use against the moon, optical systems using reflecting
components or materials that transmit longer wavelengths
should be considered.
Another consideration is use of an additional filter such as
Indium Antimonide. This element has an absorption edge at
7 · 5 μ . It will therefore eliminate more reflected solar radiation while causing very little reduction in the amount of
infrared radiation received from the planets, as shown in
Table 1 .
INFRARED HORIZON SENSORS
Actual methods and instruments for sensing the planet horizon depend on the space vehicle configuration, the method of
navigation and control, and the trajectory of the space
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vehicle with respect to the planet. A number of typical horizon sensors developed to date are described in this section.
Each type was developed for a particular purpose or to meet
certain requirements as the specific need arose. Although a
universal instrument, adaptable to all situations, is most
desirable, there appears to be little possibility of such a
development. The reasons are essentially the same as those
that do not allow a single space vehicle to be used for all
space flights. The instruments to be described fall into the
following categories: l) radially oriented horizon sensors
(nonscanning); 2) conical scan horizon sensors; and 3) linear
scan horizon sensors.
The aim of this survey is to trace the development of infrared horizon sensing techniques to provide an understanding of
their general operation and capabilities without going into
design details.
Horizon Sensors for Spin Stabilized Earth Satellites
The simplest method of controlling the motion of an Earth
satellite is to give it a controlled spin upon launching it
into orbit. The satellite will then remain spinning like a
top, and it will be stabilized in inertial space. As it
travels in an orbit, the orientation of the spinning satellite
will change continuously with respect to Earth. Then the orientation can be monitored through use of a simple infrared
horizon sensing device. The best known satellites of this
type are NASA's Television Infrared Meteorological Observation
Satellites, which were launched with great success.
The Tiros satellite was given a spin about its cylindrical
axis. A small infrared sensor, shown in Fig. 5, was mounted
radially in the satellite. The sensor was designed for compactness, light weight, and low power consumption. It consists
of 1-in. germanium lens, an immersed thermistor detector, and
a transistorized amplifier.
As the Tiros satellite orbited around Earth and rotated about
its cylindrical axis, the instruments mounted in the satellite,
such as the television cameras, infrared radiometers, and the
infrared horizon sensor, scanned over Earth's surface. The
radially mounted infrared sensor responded to the sharp thermal
discontinuity as the satellite scanned it from Earth onto the
space background and vice versa. These signals were telemetered to the ground and were expected to determine the satellite orientation with respect to Earth and, thus, to give
appropriate commands for the operation of the television scan448
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ning system. From the pulse period data, vehicle spin rates
between 6 and 60 rpm could be computed.
The time between pulses provided sufficient attitude data to
permit determination of the angle between the spin axis and the
local vertical for rectification of the pictures transmitted
by the satellite-borne television cameras.
The sensor line of sight could miss Earth completely during
portions of the orbit. Accordingly, for future use a design
was evolved to incorporate in a single head two complete
sensor channels inclined at ±22° from the normal to the spin
axis. The configuration is shown in Fig. 6.
Horizon Sensors for Low to Medium Altitude Earth Satellites
A wide variety of spacecraft have already been developed and
tested, or are now planned, for operation around Earth in
orbits ranging from an altitude as low as 100 miles to altitudes of about 2000 miles. These spacecraft will be used for
observing phenomena on EarthTs surface and in EarthTs atmosphere. They will also be used for military purposes and for
initial attempts at manned space flight.
The mission of these spacecraft requires that at all times
they be precisely and reliably oriented with respect to EarthTs
surface. A compact, lightweight infrared horizon sensor system
has been developed and tested for this purpose. The operation
of the system is shown schematically in Fig. 7 · Two sensors
are mounted perpendicular to each other. Each consists of a
scanner that rotates the projected image of a small thermistor
infrared detector, which is thus caused to scan both space
background and a segment of Earth below the satellite. The
scanner senses the transition from cold space to relatively
warm Earth and vice versa. Through appropriate processing
circuitry, the midpoint between the two horizon transitions is
established regardless of any temperature differences for the
two horizon points.
This type of sensor has operated satisfactorily in a number
of space flights and has demonstrated its ability to operate
within its specified accuracy with the type of Earth thermal
background shown in Fig. 2 and described in the section on
thermal radiation from planets. Through use of two scanners,
as shown, the local vertical of the spacecraft can be established.
A cross section of a typical rotating scan horizon sensor is
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shown in Fig. β. It is a completely sealed, flange-mounted
unit with a germanium window. Its major components are a
scanning system and a completely transistorized electronics
system. The scanning system includes the optics and the scan
mechanism for sweeping the detector field of view across Earth
and space. The immersed thermistor detector is attached to
the center of the large circular plate, and the scanning prism
deflects its 2° by 8° field of view at an angle that is 55°
from the normal. As the drive motor rotates the scanning
prism at 30 rps, the detector field crosses over Earth once
during each revolution and produces a 30 cps rectangular wave.
To extract pitch or roll information from this rectangular
wave, it is necessary to compare its phase with that of an
internally generated reference signal. The output transfer
function is linear over a tilt range up to ±35° and remains at
a constant maximum for tilts up to ±90°. The absolute accuracy
of horizon sensing varies from ±1° to =BD.1°, depending on the
complexity of the processing circuitry used. A photograph of
the unit with the covers removed is shown in Fig. 9· To date,
six different models of this basic type of sensor have been
manufactured.
Units of this type have been used successfully in providing
stabilization sensing for the experimental Atlas and Thor nose
cones, which produced remarkable high altitude photographs of
Earth. A sensor of this type has been test flown in a Jupiter
missile, and the orientation information derived has been compared to a high quality inertial platform. The horizon sensor
accurately sensed the local vertical to within ±l/4° during the
Jupiter IRBM flight at altitudes in excess of 60 miles.
Horizon sensors of this type are being used in the NASA
Project Mercury Manned Spacecraft. Fig. 10 shows an artist's
conception of the installation of the horizon sensors in the
Project Mercury space capsule. Horizon sensors have performed
successfully in a number of Mercury test flights, including
the manned ballistic flight.
Horizon Sensors for High Altitude Earth Satellites
For certain missions it will be desirable to put Earth satellites in orbits that are stationary with respect to Earth.
For these missions, horizon sensors are required which will
operate from low altitudes up to the synchronous orbit altitude of 22,000 miles. An infrared horizon sensor system meeting these requirements has been developed. The installation
of this system is shown schematically in Fig. 11. An optical
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layout of one head is shown in Fig. 12, and a photograph is
shown in Fig. 13·
The system uses three sensors oriented 90° apart from each
other. In each sensor, the image of a thermal detector subtending 0.5° by 3·0° is oscillated 4·5° in â radial direction
by means of a controlled vibrating mirror scan system. A
servo-driven positioning mirror centers each of the oscillating
scans on the horizon discontinuity with an accuracy of 0.1°.
Pitch, roll, and altitude with respect to Earth can be computed
from the angular measurements of the three sensor heads. A
compact unit of this type, shown in Fig. 12, that is suitable
for horizon sensing against Earth from a minimum altitude of
60 miles to a maximum altitude of 22,000 miles is currently
under development for the NASA Marshall Space Flight Center.
A unit of this type, using larger mirror optics, could be used
for horizon scanning of the moon, in connection with navigation for circum-lunar orbits and lunar landings.
In addition to providing a high altitude capability beyond
that of the conical scan horizon sensor, this type of horizon
sensor employs no continuously rotating assemblies, thereby
possessing a longer life potential.
This sensor may be employed in a four-headed configuration
as well. In this arrangement, two mounting schemes may be used.
The first would use a fourth head diagonally opposite Head Β
in Fig. 11. In this way, redundancy of information can be
provided, since any three heads would suffice to yield pitch
and roll information. The second method would mount Heads A
and C in the plane of the trajectory and Heads Β and D in the
plane of the pitch axis. No redundancy would result, but the
error computations would be simpler.
Horizon Sensors for Venus and Mars Probes
The top of the dense atmosphere at the planet Venus is at
225°K, a temperature quite similar to EarthTs troposphere.
The planet Mars has a very tenuous atmosphere; hence, from a
distance, radiation is received from the planetTs surface,
which ranges in temperature from 2β0°Κ at the Equator to 205°K
at the poles. The infrared radiation emitted by both of these
planets, as contrasted against the space background, is detectable at large distances by a compact infrared scanner. The
design and operation of a horizon scanner that may be used for
Venus and Mars missions is shown in Fig. 14. At an acquisition
range of 100,000 miles, the planet Venus subtends 4.3° and the
planet Mars subtends 2.4°· Accurate orientation information
4 5i
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may be obtained at a possible minimum orbit altitude of 5000
miles from the planets, at which point Venus subtends an angle
of 52° and Mars an angle of 3 5 ° .
To accomplish the functions of acquisition and orientation
with optimized compact construction, only a single sensor employing a special scan pattern is used. The scanning mechanism contains counterrotating prisms that sweep the thermistor
detector field of view of l/2° χ l/2° through a four-looped
rosette pattern of 70° diam. During acquisition the rosette
pattern is rotated through approximately 90°. Once acquisition is achieved, the rotation of the rosette pattern is
stopped; the scan pattern yields orthogonal information to
give roll and pitch error through the use of a single detector.
When the scan intersects the horizon, the thermal discontinuity
between the planet and space causes the detector to7 generate a
rectangular wave twice each scan lobe, and pitch and roll information is extracted from alternate pulses.
A sensor of this type is being developed for the Jet Propulsion Laboratory, California Institute of Technology, for use
in connection with planetary exploration programs conducted
for NASA. The instrument is shown in Fig. 1 5 .
Horizon Sensor for Triggering Multistage Ignition
A conical scan horizon sensor can be used to trigger the
ignition of a missile stage when the missile axis passes
through a predetermined angle of inclination with respect to
Earth's horizon. This type of scanner, described in the
section on horizon sensors for low to medium altitude Earth
satellites, has been designed with a void signal circuit, which
puts out a signal separate from the angle error signal "under
two conditions: l) when the sun appears in the scan; and 2)
when the horizon is lost because of vehicle motion. For use
in this application, the first option is deleted, but the
second option is retained. This circuit provides the trigger
signal at the correct time.
This sensor, shown in Fig. 1 6 , is typically installed in a
rocket with its optical scan axis parallel to the major axis
of the vehicle and with its field of view directed backward
along the line of motion, as shown in Fig. 1 7 · It is the
function of the sensor to indicate the instant that Earth's
horizon disappears from the field of view. Inasmuch as the
effective field of view is in the form of a cone with an apex
angle Θ, the attitude of the vehicle axis will be θ / 2 deg.
above the horizon when the sensor emits its trigger signal. So
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long as the instantaneous field of view sees Earth at all, the
detector generates an alternating signal that prevents an
electrical output from the void signal circuit.
When the vehicle in its ballistic trajectory tilts sufficiently to lift the scan cone above the horizon, the detector
no longer generates a signal. The result is that a trigger
pulse is emitted and held as long as the detector scans only
open space. By suitable programming, this pulse can be used
to initiate the next powered stage of the vehicle.
CONCLUSION
In this paper the development of infrared navigation sensors
for a variety of space projects has been briefly covered.
These instruments are a sample of a small beginning of what
the authors believe will be an exciting and rapidly growing
field of development and application of infrared techniques.
In concluding this paper, the facts that make infrared techniques important in instrumentation for space exploration will
be restated.
The planets and satellites of our own solar system which
orbit the sun in the regions near Earth have temperatures
ranging from a low of 1 2 0 ° Κ to a high of 400° K. This, of
course, is a small range compared to the range of temperatures
existing in the universe which extends from near zero Kelvin
for the surface temperature of distant planets to millions of
degrees for the temperature of stars. Although the 120° to
400° Κ range is small, it is, however, most significant, since
it is only within this small absolute temperature range that
life and technology, such as it is known on Earth, can exist.
The nearby satellites and planets, having this narrow Earthlike temperature range, emit significant amounts of infrared
radiation at wavelengths longer than 5 μ . This passively emitted radiation makes it possible to lfseefT these planets at all
times through the use of infrared sensors. This ability in
turn makes possible precise orientation control and navigation
sensors which are useful for supplementing other guidance
techniques in long duration space flights.
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Fig. 5 Radially-oriented horizon sensor used in Tiros
satellites
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Fig. 6

Disassembled two-channel horizon sensor for spin
stabilized satellites
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Fig. 11 Functional diagram of oscillating scan horizon sensor
system for low and high altitude operation

Fig. 12 Optical layout of oscillating scan horizon sensor
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Fig. 13 All altitude horizon sensor, head cover removed
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Fig. 14 Functional diagram of navigation sensor system that
may be used for Venus and Mars missions
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Fig. 17 Functional diagram of stage ignition trigger
horizon sensor

468

