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Summary   The unique nature of the Shuttle orbiter is that all of its systems must meet the
design requirements of a spacecraft as well as the basic aircraft requirements for
atmospheric flight. The Shuttle antenna system design, therefore, faces many unique
problems. Some of the most significant of these problems include the interface with the
Shuttle thermal protection system, the wide range of thermal extremes and rates to be
encountered, the long life requirement, and the need for lightning protection. In addition,
the radiation coverage requirements of some of the Orbiter antennas are complicated by
the multiple requirement for operation during launch, from earth orbit to both ground
station and relay satellites, and to the landing area during atmospheric flight. The unique
engineering problems that result from these requirements will be described along with
techniques that are planned for their solution.

Introduction   The development of the antenna subsystems for the Space Shuttle Orbiter
communication, tracking, and navigation functions will require compatible solutions for
problems encountered in the design of antennas for spacecraft, re-entry vehicles, and high
performance aircraft. All of the Orbiter antennas will be flush mounted on the fuselage as
required to obtain the benefits of the TPS (thermal protection system), which will cover the
entire Orbiter structure. The TPS is being designed to insure that no part of the structure
will experience a maximum temperature higher than +350EF, even though some outer
surfaces may rise to 3,000EF during re-entry.

On the other hand, the antennas will not be protected from other severe environments, such
as lightning, the shock and vibration conditions during launch, and the high to low
temperature cycling in orbit, Another major area of concern has been the difficulty of



achieving omnidirectional pattern coverage with flush mounted elements in place of the
usual stub or blade antennas found on both subsonic and supersonic jet airplanes. This
problem has been compounded by the unavailability of several prime locations on the
airframe, such as the top of the midfuselage, all leading-edge surfaces, the nose, and the
vertical stabilizer cap.

These difficulties, in combination with a service life goal of 100,000 hours, have led to the
realization that the Orbiter antennas must be specially developed and qualified in all cases,
in order to meet the performance requirements with the required degree of reliability. The
Orbiter antenna locations and the coordinate system used in this paper
are shown in Figure 1.

Functional Description of Systems   The antenna subsystems are divided into two
functionals groups:

a. Navigational aids

b. Communication and Tracking

Three antenna sensor systems supporting navigation, (1) TACAN (Tactical Air
Navigation), (2) MSBLS (Microwave Scan Beam Landing System), and (3) Radar
Altimeter, are activated during the approach and landing phase of the mission. The
navigation sensor data will update the onboard guidance and navigation computer system
(GN&C) with sufficient accuracy and resolution to facilitate a fully automatic landing.

The TACAN system provides positional and rate data to the GN&C during the early phase
of approach (post-blackout to 14K feet) and is the prime sensor. At 14K feet, the Orbiter
initiates the final approach maneuvers, after which the MSBLS becomes the primary
sensor providing data for the glide slope and roll out maneuvers. The radar altimeter
provides the prime data for flare and touchdown.

The C&T (communication and tracking) systems support all phases of the mission
operating in two frequency bands, S- and UHF. The S-band system provides two services:
FM (Developmental Flight Data) and PM (Operational Flight Data). The UHF link
provides ATC (air traffic control) during the approach and landing phase and supports
EVA (extravehicular activity) communication during on-orbit operations.

Mission Related Requirements    The Space Shuttle vehicle has three operations phases
during the execution of a mission: (1) Ascent, (2) On-Orbit, and (3) Approach and
Landing. The Shuttle vehicle evolves through various physical configurations in transition
from one phase to the next. The ascent phase will begin with a full-up vehicle (Orbiter, ET



(external tank), and SRB’s (solid rocket boosters)) at lift-off, the SRB’s are dropped at
approximately 125 seconds into the mission and the ET at approximately 460 seconds,
except for an aborted launch. The series of vehicle configurations during the ascent phase
is illustrated in Figure 2.

Once orbit insertion is accomplished, the Orbiter vehicle changes configuration for on-
orbit operation by deploying the payload bay doors and reaction control system doors.

For communication purposes to ground or relay terminals, there are infrequent constraints
imposed on the Orbiter’s attitude. Thus, the antenna subsystems are required to provide
near-spherical coverage for the FM and PM services. The direct Orbiter-to-Ground
communication is limited to periods of mutual visibility at best, and to something less than
this as an antenna subsystem implementation constraint. Because of the limited number of
ground stations available (14 during the developmental phase of the program, then
decreasing to five during the operational phase), a TDRSS (Tracking and Data Relay
Satellite) is being implemented to greatly enhance the mutual communication visibility of a
ground terminal and the orbiter. The TDRSS will handle the S-band FM service, providing
100 percent coverage for most of the missions, and greater than 80 percent for others. The
sector illumination requirements for the FM and PM links are illustrated in Figures 3 and 4.

Prior to the de-orbit maneuver, the Orbiter vehicle changes configuration by retracting the
payload bay and RCS doors in preparation for re-entry. During the de-orbit maneuvers, the
Orbiter will lose communication due to an RF blackout associated with entry into the
earth’s atmosphere at orbital velocities. As the Orbiter slows and plasma subsides, RF
communication is reestablished and the vehicle is in the approach and landing phase of the
mission. Post blackout for the TACAN system occurs at approximately 160K feet altitude,
at which point an early state-vector update, as required for the GN&C system, will be
provided by TACAN.

The Orbiter always exits blackout with an excess of kinetic energy to insure achievement
of the RTGL (Range-To-Go-To-Land). The excess of energy is dissipated by maneuvering
in the TAEM (Terminal Area Energy Management) approach. The usable TACAN stations
are randomly located about the approach trajectory within the RF horizon; thus, the
TACAN antenna subsystem must have coverage in all directions in order to have no
impact on guidance or TAEM maneuvers. Figure 5 illustrates the required sectors the
antennas must illuminate. The TAEM maneuvers start at approximately 70K feet and
terminate between 14K and 12K feet altitude, at which time the transition from the
TACAN to the MSBLS occurs.

The MSBLS becomes the primary navigation sensor during the final approach and landing
phase. The MSBLS supports the glide slope, flare and roll out maneuvers. The prime
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sensor for touchdown is the radar altimeter. The sector illumination requirement for the
MSBLS antennas (Figure 6) includes perterbations caused by head, tail, and cross-winds,
plus air turbulences the Orbiter could experience during the landing phase. The radar
altimeter antennas must accommodate angles of attack and roll maneuvers as great as
±30E. The metamorphosis of the Orbiter vehicle from spacecraft to re-entry vehicle to
landing craft is mostly made possible by the TPS materials which encompass the outer
surface of the vehicle. The TPS is an excellent insulation material, translating very little
thermal energy to the Orbiter structural surface during the aerodynamic heating phase of
entry. The antennas will experience a maximum temperature of +350EF some 20 to 30
minutes after the Orbiter has landed. This is a 500EF change from the -150EF experienced
in space minutes before.

Developmental Requirements   Contracted Research and Development technology
studies1 were conducted at the NASA to assess the viability of using off-the-shelf aircraft
and spacecraft antennas for the Space Shuttle Orbiter vehicle. These studies identified
temperature profiles and radiation characteristics associated with integrating flush-mounted
antennas with TPS. The candidate antenna types were chosen from those that stood a
reasonable chance of satisfying mission related coverage requirements.

The general requirements for the antenna subsystems, as listed in Table I, are the result of
various studies and test programs. The life and environmental conditions of the Orbiter
vehicle makes the use of unmodified off-the-shelf antenna unlikely. The TPS interface is a
frequency dependent medium in which each antenna requires tuning for match; it also
aggravates the isolation and radiation characteristics of the higher frequency elements, S-
band and above. Design of the TPS provides little or no margin for additional heat loads to
vehicle structures, as associated with antennas of the protruding aperture designs, making
solution of the isolation problem more difficult.

The low temperature experience in space, -150EF, exceeds the certification temperatures
of off-the-shelf aircraft antennas, as the result of long term cold soaks. Added to the more
severe thermal environment is the vibration levels experienced during the boost phase of
launch plus the one-hundred missions life requirement of the Orbiter. Due to this, we
realize that off-the-shelf antennas are not likely candidates.

Installation philosophy of the TPS on the Orbiter does not facilitate ease of antenna change
out or maintenance schedules. This makes the elements life the same as that of the vehicle
which is ten years. The TPS antenna interface configuration is shown in Table II. The
Space Shuttle vehicle may experience a lightning strike at any time during atmospheric
flight. Therefore, the Orbiter antennas are designed to survive lightning strikes with peak 



TABLE 1.  SELECTED ANTENNA TYPES & FUNCTION

TABLE II.  MULTIPLE-LAYER TPS ANTENNA INTERFACE
CONFIGURATION

currents of 200K amperes and rates of change of 100K amperes per microsecond. The
antennas must withstand direct effects of lightning which are burning, blasting, coupling of
voltages and currents to structures, causing high pressures associated with shock waves
and magnetic fields. Thus, the antennas are designed and bonded to primary structures
with bonding resistances less than 2.5 milliohms to minimize diffusion coupling. The
radiating structure of the antennas is designed for low susceptibility to lightning effects,
presenting electrical short circuits to energies in the frequency domain of lightning or static
discharges, each with frequencies less than 20 kilohertz.

FREQUENCY ANTENNA COVERAGE 
SYSTEM BAND TYPI, POLARIZATION BEA.\ll<IDTH 

• NAVIGATIONAL SENSORS 

- TACAN 960 • 1220 MIiz Annular Slot Linear Hemisphere 

- MSBLS 15.4 - 15.7 GHz Waveguide Horn Linear Sectgr 
± 20 EL, ± SO Az 

- Radar Altimeter 4200 - 4400 MHz Waveguide Horn Linear :;at~~ne 
• c;o:,lMUNICATION & TRACKING 

- UHF-ATC 225 - 400 MIiz Annular Slot Line•r Hemisphere 

- UHF - EVA/Bio-Med 2S0 • 300 MIiz Annular Slot Linear Spherical 
and TBD 

- S-Band 1740 • 2300 MIiz IUICP 

- Payload 1740 - 2300 MHz TBD IUICP 100° Cone 

- FM Service 1740 - 2300 MHz TBD IUICP Near-Hemisphere 

- PM Service 1740 - 2300 MHz TBD IUICP Near-Spherical 

LA\'Elt. 

CONFIGURATION nuO<NI.Ss DIELECTlUC LOSS 
LAY-UP {IN. I CXlNSTANT TANGENT MATE.RIAL 

0.010 4.8 0.003 BOROSILICATI! <Xlf<TING 

1.0 - 2,0 • 1.17 0.0016 RSI-900 

0.015 4.0 o.oos R"IV-S66 

0.250 3.6 0.040 NCNEX NYU»I {N 610) 

0.01s 4,0 o.oos RTV-S66 

0.012 s.o 0.020 FA.CS SHE£T 

0,150 - 0.375 •• 1.10 0.001 l!Ot<l>YCOMB CORR 

• 
0.012 s.o 0.020 F ACS SHllS1' 

0.12s 1,70 0.015 Sl'ON(;g (MAP) 

* Thickness varY with ~antenna location on vehicle. 

•• Thickness vary with antenna aperture she, (UHi' 'beiru;i the lar9est), 



Development Approach

S-band Quad Antenna   The basic antenna configuration for S-band communications
consists of a set of four CP (circular polarized omni antennas (quad) flush-mounted with
90E spacing around the roll axis of the Orbiter forward fuselage, as illustrated in Figure 1.
This is the same basic arrangement that was employed successfully on the Apollo
command module, and it was originally proposed to purchase “off-the-shelf” Apollo type
helix-in-cavity antennas for installation on the Orbiter. However, additional requirements
in terms of frequeny bandwidth and pattern coverage have prevented implementation of
this plan. Instead, the procurement of a specially developed S-band quad antenna design
has been initiated. The objective will be to meet the new requirements while retaining high
efficiency, reliability, pattern quality, and freedom from environmental effects.

Preliminary design studies at the Rockwell Space Division have shown that the bandwidth
capability of a cylindrical cavity could be increased from 200 MHz (Apollo) to the
required 560 MHz by changing from quartz dielectric loading to a dual-electric filled
cavity. However, laboratory tests have shown that a helix type circular polarization
launcher for the cavity is inherently limited in bandwidth. This led to the preliminary
design and evaluation of other combinations of wideband CP radiating elements and feed
circuits. The following three combinations have emerged as possible candidates.

1. Open-ended, round waveguide radiators with dielectric loading (dual dielectric
arrangement) and turnstile waveguide feed.

2. Open-ended, square waveguide radiator with ridge loading (quad ridge arrangement)
and coaxial hybrid feed.

3. Archimedean spiral with cavity backing and coaxial or stripline balun feed.

A discussion of the relative merits of these elements would be beyond the scope of this
paper, mainly because the full-scale development programs have not yet been conducted.
However, a few key features may be pointed out at this time.

The dual-dielectric filled cavity could be developed to provide a complete and permanent
hermetic seal at the aperture, like the Apollo antenna, with the similar advantages of long
life, high reliability, and high efficiency. The quad-ridge waveguide element would have no
dielectric material.in, or near, the aperture, so it might be expected that damage from
lightning would be less severe. The cavity backed spiral represents a low-cost approach
that would depend on the TPS for environmental protection.



The pattern coverage capability of the basic quad configuration has been measured with
one-tenth scale models of the Orbiter and electrical scale models of candidate antennas at
the NASA/JSC, Houston, anechoic chamber facility (see Figure 7). These measurements
have shown that original estimates and proposals of obtainable coverage were quite correct
refering to the expected lack of coverage in the forward and aft directions. The 1973
change in Orbiter configuration to a smaller, light weight design (150K configuration)
caused some improvement in the forward coverage, at the expense of aft coverage, due to
a new 10E forward slope of the forwad fuselage surfaces. The resulting forward tilting of
the quad antennas causes the aft sector without coverage to be about 40E greater than the
forward sector with similar conditions.

One readily implemented technique for improvement of fore and aft coverage of flush-
mounted circular polarized antennas involves replacement of each omni element with a
linear array of three closely spaced elements with relative amplitudes and phasing adjusted
to control pattern shape. These would be nonsteerable, fixed arrays of omindirectional
elements. Initial computer studies of these nonsteerable, fixed arrays have shown that
maximum beam broadening will occur with the two outer elements operating 180E out of
phase, with respect to the center elements. It is expected that the fore and aft beamwidth
can be increased to 140E, as referred to the 3+ dBci (decibels with respect to a circular
polarized isotropic antenna) gain level. It should be noted that the half-power beamwidth
would be somewhat less than this, since the peak gain could be as high as +8 or 9 dBci.

RDP (radiation distribution plot) measurements obtained at NASA/JSC with a 1/10 scale
Orbiter model (furnished by Rockwell Space Division) have shown that total coverage at
the +3 dBci level would be about 42 percent (of the spherical space) with the originally
proposed single-element quad antennas, whereas it is estimated that four 3-element fixed
arrays could provide 78 percent coverage.

S-band Hemi Antenna   The quad and hemi antenna specifications are similar, except that
the latter is required to have beam broadening out to 140E beamwidth for all (azimuth)
directions, not just the fore and aft directions. The initial computer studies have shown that
the desired results could be obtained with a seven element fixed array, using the same
element types and spacing as in the quad antenna. Again, the outer elements would operate
at considerably reduced amplitudes and 180E out of phase with respect to the central
element.

S-band Payload Antenna   The payload antenna will produce a circular polarized
broadside beam with gain and pattern requirements less severe than those for the above
described antennas. It is, therefore, planned to employ only a single element, which could
be essentially identical to the central element of a quad array antenna. Future
environmental tests of element types might lead to a different result, however, due to the
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high lightning susceptibility of the top centerline location. Another problem area has arisen
from the requirement of at least 70 db isolation between the payload antenna and the quad
antennas. Numerous approaches for improvement of S-band isolation could be followed,
such as the addition of annular slot traps around the antennas or the addition of lossy
material to one or more of the TPS dielectric lavers and/or the surface of the supporting
structure.

C-band Altimeter Antennas   The altimeter horn antennas will require additional
development work to solve the antenna/TPS interface problems. It has been determined
that patterns, impedance match, and isolation levels are all impaired to some extent by the
addition of a TPS layup consisting of the first five items in Table II, and with a two-inch
thickness of RSI-900 tile, (Lockheed LI-900). One of the developmental problems will be
the determination of the additional electrical effects of adding the honeycomb carrier panel
(structural support) and the moisture avoidance pad (seal), listed as items 6 through 9 in
Table II.

Another problem has arisen from the fact that modification to the TPS, for the purpose of
antenna pattern and/or impedance improvement, is generally not acceptable from the
standpoint of thermal or structural design. Therefore, studies will be required to ascertain
(a) which of the electrical effects are large enough to require corrective design, and (b)
whether redesign of the antenna might achieve the desired results, without altering the
TPS. If necessary, specially designed TPS tile (antenna windows) could be installed at a
last resort.

L-Band TACAN Antennas   The electrical performance of the TACAN annular slot
antennas may also be affected by the addition of TPS, especially the lower antennas due to
the TPS thickness being about twice as great as for the upper antennas. On the other hand,
the operating wavelength at L-band will be four times the C-band wavelength, so the
effects will be less severe. This conclusion is based on preliminary tests of patterns and
impedance of a commercial TACAN antenna with simulated TPS tile consisting of
polystyrene foam.2 It should be emphasized that the 1973-1974 TPS designs are only
preliminary and are being continually changed. Therefore, all of the statements and
conclusions in this paper relating to TPS would be subject to change after release of the
final TPS design in November 1974. Scale model pattern and RDP tests at NASA/ JSC of
the TACAN annular slot have shown that installation of a pair of these antennas on the top
and bottom of the fuselage will provide complete coverage, except for the upper aft region
and the usual null regions in line with the antenna axes. Accordingly, a pair of annular slots 



is being provided for each of the three TACAN sets, thus satisfying the tripleredundancy
requirements.

UHF/ATC Antenna   NASA/JSC pattern and RDP tests of a 1/10 scale UHF single
cavity annular slot antenna model provided excellent results, with good hemispherical
coverage similar to that obtained with the 1/10 scale TACAN models. This model also
provided a good impedance match over the lower half of the required frequency band (225
to 400 MHz full-scale, or 2,250 to 4,000 MHz for 1/10 scale.)

The development approach planned for achieving the required bandwidth includes the
investigation of both two-cavity and three-cavity annular slot configurations. The structural
interface requirements are such that it became necessary to specify a 22-inch square
configuration for the UHF antenna cavity. Since single cavity annular slots have been
successfully converted to square configurations without difficulty, it seems likely that this
could also be achieved with multiple cavities.

It is anticipated that the antenna/TPS interface problem. will require considerable
developmental effort in terms of the thermal, vibration and structural aspects because of
the relatively large size of this antenna. Some effort has been expended on theoretical
analysis in these areas, and it now appears that the next step should be environmental tests
of full-scale models. No difficulty is expected in terms of TPS electrical effects, for the
reason that the total TPS thickness is a small fraction of a wavelength.

Ku-Band NSBLS Antenna   The design of the MSBLS antenna will be similar to the
commercially available taper-cut horn antennas for microwave landing systems. It is not
expected that the electrical development problems will be difficult to solve, since the
inherently tapered transition at the antenna/TPS interface causes the impedance mismatch
to be distributed and partially cancelled out. On the other hand, the oblique transmission
angle through the TPS will tend to cause appreciable distortions of the radiated patterns.
The development approach will be to provide compensation in the antenna design to
correct for pattern distortion.

Conclusions   Contracted research and development technology studies, plus scale model
antenna/Orbiter pattern tests, have led to a firm choice of antenna types, except S-band, for
all frequency bands.

The environment conditions have been the major driver in selection of design types and
configuration, with the effects of lightning exposure being the most severe in terms of
precipitating failures or reducing the life expectancy of elements. The thermal environment
can be handled by judicious selection and use of materials or providing some thermal
conditioning for the extreme low temperature.



Figure 1. - Antenna locations and coordinate system - Orbiter 103

Figure 2. - Space Shuttle ascent geometry.
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Figure 3. - 0n-orbit FM services.

Figure 4. - On-orbit TDRS PM-service.
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Figure 5. - TACAN L-band link.

Figure 6. - MSBLS antennas
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Figure 7. - S-band quad antenna coverage sectors.
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