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NEAR EARTH AND DEEP SPACE
COMMUNICATIONS SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit of U.S. Provisional
Patent Application No. 62/420,293, filed on Nov. 10, 2016.
The subject matter thereot 1s hereby incorporated herein by
reference in 1ts entirety.

ORIGIN OF THE INVENTION

The invention described herein was made by an employee
of the United States Government and may be manufactured
and used by or for the Government for Government pur-
poses without the payment of any royalties thereon or
therefore.

FIELD

The present invention relates to a telescope and antenna
system, and more particularly, to a hybrid telescope antenna
system.

BACKGROUND

Deep space optical communications technology has been
under development for several decades now. However,
operational systems fail to exist. Recently, the lunar laser
communication demonstration returned data from the moon
at an unprecedented 622 MBPS. Optical communications
have not been demonstrated from Deep-space, and mission
planners are being reluctant to accept associated risks.

As science instrumentation becomes more sophisticated
and data richness increases (e.g., hyper-spectral imagers,
studio quality video, etc.), demand for higher and higher
data rates can only increase. Technical linchpins include
improving laser efliciency and achieving pointing and track-
Ing requirements, insensitive to spacecrait disturbances. A
Ka-band back-up system could be used during periods when
site diversity alone 1s mnadequate to fulfill mission require-
ments. A hybrid system 1s also attractive because of long
periods of solar obscuration for an optical only system. A
typical deep-space optical link cannot work within a sun-
Earth-probe angle less than about three degrees, whereas a
microwave link can operate within one degree. Ka-band
provides an additional 15 to 20 days of coverage annually
over an optical-only system.

Thus, an alternative hybnd telescope-antenna system may
be beneficial.

SUMMARY

Certain embodiments of the present invention may pro-
vide solutions to the problems and needs in the art that have
not yet been fully identified, appreciated, or solved by
current optical communications systems. For example, some
embodiments generally pertain to a hybnd telescope antenna
(teletenna) system.

In an embodiment, apparatus that combines an antenna
and telescope to minimize system mass without compromis-
ing performance of either the antenna or telescope. The
apparatus includes a sub-retlector placed belore a prime
focus feed of a hybrid reflector system. The apparatus also
includes a radio frequency (RF) reflector 1s rigidly attached
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2

to a body of a spacecrait and an optical section 1s attached
to a vibration isolation platform.

BRIEF DESCRIPTION OF THE DRAWINGS

In order that the advantages of certain embodiments of the
invention will be readily understood, a more particular
description of the mvention briefly described above will be
rendered by reference to specific embodiments that are
illustrated in the appended drawings. While 1t should be
understood that these drawings depict only typical embodi-
ments of the invention and are not therefore to be considered
to be limiting of 1ts scope, the mvention will be described
and explained with additional specificity and detail through
the use of the accompanying drawings, in which:

FIG. 1 1s a diagram 1llustrating a teletenna, according to
an embodiment of the present invention.

FIG. 2 1s a graph 1illustrating the calculated RF reflector
mass as a function of /D (F-number), according to an
embodiment of the present invention.

FIG. 3 1s a diagram 1illustrating the geometry used for
telescope tube RF blockage analysis, according to an
embodiment of the present invention.

FIGS. 4-6 are graphs illustrating how the sub-retlector
support tube affects RF performance (i.e., efliciency) as a
function of tube RF opacity, according to an embodiment of
the present invention.

FIG. 7 1s a graph 1llustrating calculated attenuation of a
2.5 mm thick slab of S1C, according to an embodiment of the
present 1nvention.

FIG. 8 1s a graph 1llustrating measured reflection coefli-
cient and transmission loss of four samples Al, B1, C1 and
D1 at room temperature, according to an embodiment of the
present invention.

FIG. 9 15 a graph illustrating measured 1nsertion loss of an
optimized sample, according to an embodiment of the pres-
ent 1nvention.

FIG. 10 1s a graph 1llustrating 1nsertion loss for a standard
waveguide over the Ka-band, according to an embodiment
of the present invention.

FIG. 11 1s a graph 1llustrating insertion loss for custom-
1zed waveguide over the Ka-band, according to an embodi-
ment of the present invention.

FIGS. 12-14 are graphs illustrating the effect of mirror-
to-antenna gap separation, according to an embodiment of
the present invention.

FIG. 15 1s a graph illustrating how the mirror prescription
can be modified to shorten the tube height without adversely
aflecting the RF performance, according to an embodiment
of the present invention.

FIG. 16 1s a graph illustrating a measured response versus
theoretical response of a prototype RF transparent mirror,
according to an embodiment of the present imvention.

DETAILED DESCRIPTION OF TH.
EMBODIMENTS

L1l

Some embodiments generally pertain to a tele-antenna (or
“teletenna”) that combines an antenna and telescope to
minimize system mass without compromising performance
of either the antenna or telescope. In certain embodiments,
teletenna blurs the physical distinction between the tele-
scope and the antenna, and the microwave and optical signal
are co-boresighted for beam steering purposes.

Existing hybrid systems, such as Risley prisms, have a
ratio of antenna area to telescope area near unity. Teletenna
may address systems where that ratio 1s on the order of a
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100. Teletenna may use a classical Cassegrain geometry
modified to accommodate a virtual prime focus feed and
optical sub-retflector. In some embodiments, the sub-retflec-
tor, such as optical sub-retlector 104, 1s placed before the
prime focus feed, such as RF feed 102, of the hybnd
reflector system, and acts as a mirror for the optical signal.
The sub-reflector, however, must be transparent to micro-
wave radiation 1n some embodiments. The phase center of
the feed hom 1s placed at the virtual focus of the Cassegrain
reflector. An RF reflector may be rigidly attached to the
spacecrait body, while the optical section 1s attached to a
vibration 1solation platform. The teletenna supports preci-
s10n beaconless pointing through sensor fusion and platform
stabilization.

Teletenna features an /D (focal length-to-diameter) ratio
optimized to minimize mass; a mesh aerial density <0.8
kg/m” and a composite mirror density <4 kg/m~ (this rep-
resents less than half the mass of the Mars Reconnaissance
Orbiter 3 m composite dish); a RF section thermally and
mechanically 1solated from the optics section; optical beam
divergence that accommodates star tracker based beaconless
pointing; an RF transparent optical sub-reflector to minimize
RF blockage; a novel sub-retlector support tube material to
mimmize RF blockage; and a custom integrated strut/wave-
guide to couple amplifier power to the RF feed as a further
improvement to minimize system mass.

FIG. 1 1s a diagram 1llustrating a teletenna 100, according,
to an embodiment of the present invention. Teletenna 100
includes a RF feed 102, an optical sub-reflector 104, a mirror
106 (labelled “Cassegrain Mirror”), which serves as an
optical reflector, struts 108, and a gap 110. In some embodi-
ments, an RF reflector 111, also referred herein as an RF
primary retlector, with preferred 1/D ratio and feed 102 are
located at the focal point and supported by struts (one of
which also serves as a waveguide transmission line) 108. A
separate mirror, such as mirror 106, may be co-located
around the vertex of the RF primary reflector 111 and
essentially following the same optical prescription. An RF
transparent optical sub-reflector 104 1s optimally located
between the vertex and a prime focus feed (such as RF feed
102). Mirror 106 1s not physically attached to the RF
reflector 111 1n some embodiments. Mirror 106 (and sub-
reflector support tubes 112 and optical sub-reflector 104) are
attached to a wvibration isolation platform located under
mirror (not shown) within the inner perimeter of the gap 10.
The RF reflector, struts 108 RF reflector and RF feed 102 are
attached directly to the spacecraft deck.

Mass Mimimization

The major contributors to mass for a parabolic reflector
are the actual RF reflector material and the struts to support
the RF feed. For a given RF reflector diameter, the deeper
the RF reflector (i.e., the lower the 1/D ratio), the more
material, which results 1n greater mass. However, when the
reflector 1s shallower, the RF feed 1s located further from the
vertex, and the struts to support the RF feed eventually
outweigh the RF reflector.

To minimize system mass, there 1s generally an optimal
t/D ratio. FIG. 2 1s a graph 200 1llustrating the calculated RF
reflector mass as a function of 1/D (F-number) 1llustrating
optimal /D to minimize system mass, according to an
embodiment of the present invention. As the analysis indi-
cates, there 1s broad minima between an F # of approxi-
mately 0.35 to 0.5. This 1s the recommended prescription
range to minimize mass.

Telescope Support Tube Blockage Analysis

Without telescope support tube obscuration, the maxi-
mum theoretical directivity for a 3 meter RF reflector 1s
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~60.0 dB. Further, the maximum achievable directivity is
59.1 dB based on trade-oils between aperture 1llumination
clliciency and radiation spillover efliciency. The analysis
presented below may use an open-ended circular waveguide
feed to calculate the radiation pattern. In this example, the
waveguide radius 1s approximately 0.293 cm. FIG. 3 1s a
diagram 300 illustrating the geometry used for telescope
tube RF blockage analysis, according to an embodiment of
the present invention.

FIGS. 4-6 are graphs 400-600 1llustrating how the sub-
reflector support tube afiects RF performance (i.e., efli-
ciency) as a function of tube RF opacity, according to an
embodiment of the present invention. In FIG. 4, graph 400
shows an antenna pattern with no blockage (x=0) and A/30
RMS surface roughness. In this example, directivity 1s 58.2
dB1 and efliciency=635.9%. In FIG. 5, graph 500 shows A/30
RMS surface roughness with 30 dB tube attenuation (con-
ventional S1C Solid tube). In this example, directivity=53.2
dB1 and efliciency=20.8%. In FIG. 6, graph 600 shows that
y=85 cm Xx=25 cm, A/30 RMS surface roughness, 6 dB tube
attenuation, directivity=>58.1 dB1, and etliciency=64.4%.

Simply put, a sub-retlector support tube with preferred
geometry (e.g., 5 cm from the RF feed for 25 cm diameter
tube 1n this case) and a 6 dB insertion loss degrades
elliciency only about 2%.

Transparent S1C for Teletenna Structures

S1C 1s the material of choice for the telescope support
structure because of extremely high modulus, very high
thermal conductivity, and very low thermal expansion coel-
ficient. S1C 1s a semiconductor, and therefore, opaque to
microwave radiation. However, conductivity 1s a sensitive
function of dopant concentration and temperature. Si1C 1s a
semiconductor and 1ts properties can theoretically be modi-
fied to become more dielectric-like, potentially leading to a
formulation that 1s transparent at microwave Irequencies.

FIG. 7 1s a graph 700 illustrating calculated attenuation of
Ka-band radiation through 2.5 mm slab of S1C as a function
of conductivity, according to an embodiment of the present
invention. It should be noted that conventional structural
S1C may have a conductivity around 20 S/m.

FIG. 8 1s a graph 800 illustrating measured reflection
coellicient (primary axis, triangular markers) and transmis-
sion loss (secondary axis, round markers) of four samples
Al, B1, C1 and D1 at room temperature (=22 degrees C.),
according to an embodiment of the present invention.

FIG. 9 1s a graph 900 illustrating a measured 1nsertion loss
of an optimized sample, according to an embodiment of the
present 1nvention. In graph 900, the slight difference
between measurements 1s due to some material damage as
the sample 1s mserted and removed from the sample holder.
One of ordinary skill in the art would appreciate the 25 to 30
dB improvement 1n transmission coeflicient as compared to
conventional S1C 1n FIG. 8.

Waveguide Analysis

Each RF feed support strut may contribute about 0.5 kg/m
for a standard copper WR-28 waveguide, for example.
Depending on the RF reflector diameter and 1/D ratio, a
typical strut may contribute 1 kg or more to the overall mass.
In some embodiments, a customized waveguide section may
be used as a structural support member, shaving a kg or more
from the overall system mass.

FIG. 10 1s a graph 1000 illustrating insertion loss for a
standard WR-28 waveguide over the Ka-band with wave-
guide material as a parameter, according to an embodiment
of the present invention. For standard copper guide, the loss
at 30 GHz 1s about 0.6 dB/m (e.g., about 15% loss per

meter). FIG. 11 1s a graph 1100 illustrating insertion loss for
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a customized waveguide over the Ka-band with waveguide
material as a parameter, according to an embodiment of the
present invention. In graph 1000, for the optimized copper
guide, the loss at 30 GHz 1s about 0.23 dB (about 5% loss
per meter).

Telescope and Antenna Structural/Thermal Gap Analysis

Teletenna may support precision beaconless pointing by
way of sensor fusion (e.g., star trackers and gyroscopes) and
platform stabilization. In an embodiment, the antenna 3-dB
beamwidth for a 3 meter RF retlector at 32 GHz 1s about
3500 microradians (>>1 Earth diameter at Mars apogee),
and the beam divergence of a nominal 12 cm telescope 1s
only about 13 microradians (<<<1 Earth diameter at Mars
apogee). The spacecrait integrated disturbance may exceed
100 microradians (>>telescope beam width). Thus, the tele-
scope should 1solate vibrations from the spacecraft, other-
wise, pointing would be 1mpossible.

To enable this, the antenna and mirror are physically

separated 1n some embodiments. The RF retlector, such as
RF reflector 111 of FIG. 1, 1s rigidly attached to the

spacecrait body, while the optical mirror (such as mirror 106
of FIG. 1), 1s attached to a vibration 1solation platform
behind mirror 106 and/or RF reflector 111. It should be noted
however that the required gap between the mirror and RF
reflector can degrade the RF efliciency and beam pattern.
See, for example, FIGS. 12-14, which are graphs 1200-1400
illustrating the eflect of mirror-to-antenna gap separation,
according to an embodiment of the present invention. For
this reason, the gap should be large enough to keep the inner
rim of the RF reflector out of contact with the outer rim of
the mirror 1n a high disturbance environment. It should be
noted however that the gap should be small enough so as to
not perturb the antenna beam and efliciency.

Based on the analysis shown 1n graphs 1200-1400, a gap
much less than 10 wavelengths 1s desirable from an RF
performance point of view. Thus, in some embodiments, the
recommended gap size to provide comiortable structural
isolation between the RF reflector and mirror 1s <2 to 3
wavelengths (k), or less than about 2 ¢cm for a Ka-band
system.

Prescription/Blockage Trade-O

It should be noted that based on geometry there are
obscuration (blockage) advantages should the optical sub-
reflector be positioned as far as possible from the RF feed.
Further, 1t may be desirable to have the mirror contribute to
the RF pattern and overall antenna efliciency. This implies
that the mirror may have to be the same prescription.
However, when the sub-reflector moves towards the vertex,
it must become larger to subtend the same optical energy
from the mirror. This may result in unacceptable high optical
blockage and reduced efliciency. In some embodiments, the
mirror prescription can be adjusted slightly to optimally
locate the sub-retlector (e.g., at y=0.9 m) and maintain the
RF prescription such that the focal length 1s at approxi-
mately y=105 cm (1/D=0.35) in this example. The 15 cm
separation may reduce the direct sub-reflector blockage and
mimmize the angle subtended by the support tube, thereby
mimmizing blockage.

FIG. 15 1s a graph 1500 illustrating how the mirror
prescription can be modified to shorten the tube height
without adversely aflecting the RF performance, according,
to an embodiment of the present mmvention. Specifically,
graph 1500 shows that for a typical A/20 to A/10 RMS RF
reflector surface error, a mirror with a slightly diflerent
prescription to optimally locate the sub-reflector can be used
and may still fall within the nominal overall prescription.
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RF Transparent Bragg Sub-Reflector

In some embodiments, the sub-reflector may 1nclude an
11 layer stack-up of rutile (e.g., approximately 158 nm thick)
and silica (e.g., approximately 269 nm thick) fabricated by
pulsed laser deposition. Since the sub-reflector sits 1n front
of a 32 GHz feed, the sub-reflector may need to be trans-
parent for microwave wavelengths.

FIG. 16 1s a graph 1600 illustrating a measured versus
theoretical response of a prototype RF transparent mirror,
according to an embodiment of the present invention. The
measured performance of the dielectric stack-up reflector
closely matches the theoretical calculation. The dielectric
sub-reflector 1s fabricated on a low-dielectric substrate that
1s one-half wavelength thick at the center operating ire-
quency so as to be transparent. The sub-reflector dielectric
layer stack-up can be formed on a surface that 1s an axially
displaced ellipse (ADE). The key advantage of the ADE 1s
complete elimination of sub-reflector obscuration. For
example, a conventional sub-retlector that has a diameter of
10%, 25% and 50% of the main reflector would cause a
blockage efliciency loss of about 10%, 20% and 60%,
respectively.

It will be readily understood that the components of
various embodiments of the present invention, as generally
described and illustrated in the figures herein, may be
arranged and designed in a wide variety of different con-
figurations. Thus, the detailed description of the embodi-
ments, as represented in the attached figures, 1s not intended
to limit the scope of the invention as claimed, but 1s merely
representative of selected embodiments of the invention.

The features, structures, or characteristics of the invention
described throughout this specification may be combined 1n
any suitable manner in one or more embodiments. For
example, reference throughout this specification to “certain
embodiments,” “some embodiments,” or similar language
means that a particular feature, structure, or characteristic
described 1n connection with the embodiment 1s included 1n
at least one embodiment of the present invention. Thus,
appearances of the phrases “in certain embodiments,” “in
some embodiment,” “in other embodiments,” or similar
language throughout this specification do not necessarily all
refer to the same group of embodiments and the described
features, structures, or characteristics may be combined 1n
any suitable manner 1n one or more embodiments.

It should be noted that reference throughout this specifi-
cation to features, advantages, or similar language does not
imply that all of the features and advantages that may be
realized with the present invention should be or are in any
single embodiment of the invention. Rather, language refer-
ring to the features and advantages 1s understood to mean
that a specific feature, advantage, or characteristic described
in connection with an embodiment 1s included 1n at least one
embodiment of the present invention. Thus, discussion of
the features and advantages, and similar language, through-
out this specification may, but do not necessarily, refer to the
same embodiment.

Furthermore, the described features, advantages, and
characteristics of the imvention may be combined 1n any
suitable manner 1n one or more embodiments. One skilled 1n
the relevant art will recognize that the mvention can be
practiced without one or more of the specific features or
advantages of a particular embodiment. In other instances,
additional features and advantages may be recognized in
certain embodiments that may not be present in all embodi-
ments of the ivention.

One having ordinary skill in the art will readily under-
stand that the mnvention as discussed above may be practiced
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with steps 1n a different order, and/or with hardware ele-
ments in configurations which are different than those which
are disclosed. Therefore, although the ivention has been
described based upon these preferred embodiments, 1t would
be apparent to those of skill in the art that certain modifi-
cations, variations, and alternative constructions would be
apparent, while remaining within the spirit and scope of the
invention. In order to determine the metes and bounds of the
invention, therefore, reference should be made to the
appended claims.

The 1nvention claimed 1s:

1. An apparatus that combines an antenna and telescope to
mimmize system mass without comprising performance of
cither the antenna or telescope, the apparatus comprising:

a radio frequency (RF) reflector configured for nigid

attachment to a body of a spacecraft, the RF reflector
being characterized by an mner rim defining a void:

a plurality of struts, each strut having a first end and a

second end, the first end coupled to the RF reflector and
the second end coupled to a prime focus RF feed of a
hybrid reflector system, the prime focus feed being
located at a focal point;

an optical mirror co-located around a vertex of the RF

reflector, the mirror having an outer rim, such that
under operational conditions of the apparatus, a gap 1s
defined between the inner rim of the RF reflector and
the outer nm of the mirror to allow structural and
thermal separation without aflecting antenna pertor-
mance, wherein the mirror 1s attached to a vibration
1solation platforms; and

a plurality of sub-reflector support tubes, each having a

first end and a second end, the first end being connected
to the mirror and the second end connected to a
sub-reflector, wherein the sub-reflector is placed closer
to the mirror than the prime focus RF feed.

2. The apparatus of claim 1, wherein the sub-reflector 1s
transparent to microwave radiation.

3. The apparatus of claim 1, wherein one of the struts 1tself
1s configured to act as a waveguide transmission line.

4. The apparatus of claim 3, wherein the struts reduce one
or more kilograms from the apparatus by acting as a struc-
tural support member.

5. The apparatus of claim 1, wherein the optical mirror
comprises a slightly increased curvature with respect to the
RF reflector, while allowing the mirror to contribute sub-
stantially to the RF reflector performance.

6. The apparatus of claim 5, wherein the curvature of the
mirror 1s increased depending on an /D of 0.3 prescription,
reducing the focal length from 105 cm to 90 cm compared
to an original /D of 0.35 prescription.

7. The apparatus of claim 6, wherein the curvature of the
mirror creates a shorter optical focal length to allow the sub
reflector to be placed closer to a vertex, thereby allowing a
reduced support tube length and thereby increasing a first
structural mode to reduce jitter.

8. The apparatus of claim 1, wherein the support tubes
comprise silicon carbide (S1C) having a dopant controlling
clectrical conductivity of the S1C to create a doped SiC, the
doped S1C being transparent to microwave frequencies, and
exhibiting a reduced electrical conductivity from about 20
S/m to less than 1 S/m, rendering the S1C acceptable as a
telescope support tube material without compromising radio
frequency performance.

9. An apparatus that combines an antenna and telescope to
mimmize system mass without compromising performance
of either the antenna or telescope, the apparatus comprising:
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a radio frequency (RF) reflector configured for rigid
attachment to a body of a spacecraft the RF retlector
being characterized by an mner rim defining a void;

a plurality of struts, each strut having a first end and a
second end, the first end coupled to the RF retlector and
the second end coupled to a prime focus RF feed of a
hybrid reflector system, the prime focus feed being
located at a focal point;

an optical mirror co-located around a vertex of the RF
reflector: and

at least one sub-reflector support tube having a first end
and a second end, the first end being connected to the
mirror and the second end connected to a sub-reflector,
wherein the sub retlector 1s placed closer to the mirror
than the prime focus RF feed, wherein the at least one
support tube comprises silicon carbide (S1C) having a
dopant controlling electrical conductivity of the SiC to
create a doped S1C the doped Si1C being transparent to
microwave frequencies, and exhibiting a reduced elec-
trical conductivity from about 20 S/m to less than 1 S/m
thereby the doped Si1C 1s acceptable as a telescope
support tube material without compromising radio fre-
quency performance.

10. The apparatus of claim 9, wherein one of the struts

itself 1s configured to act as a waveguide transmission line.

11. The apparatus of claim 10, wherein the struts reduce
one or more kilograms from the apparatus by acting as a
structural support member.

12. The apparatus of claim 9, wherein the mirror com-
prises an outer rim, such that under operational conditions of
the apparatus, a gap 1s defined between the 1nner rim of the
RF reflector and the outer rim of the mirror to allow
structural and thermal separation without aflecting antenna
performance, wherein the mirror 1s attached to a vibration
isolation platform; and the optical mirror comprises a
slightly 1increased curvature as compared to the RF retlector
while allowing the optical mirror to contribute substantially
to the RF reflector performance.

13. The apparatus of claim 12, wherein the curvature of
the mirror 1s increased depending on an /D of 0.3 prescrip-
tion, reducing the focal length from 105 c¢cm to 90 cm
compared to an original /D of 0.35 prescription.

14. The apparatus of claim 13, wherein the curvature
creates a shorter optical focal length to allow a sub-reflector
to be placed closer to the vertex reducing support tube length
and thereby 1ncreasing a first structural mode to reduce jitter.

15. The apparatus of claim 9, whereimn the at least one
sub-reflector support tube comprises three support tubes.

16. The apparatus of claim 9, whereimn the at least one
sub-reflector support tube consists of a single support tube.

17. An apparatus that combines an antenna and telescope
to mimmize system mass without compromising perfor-
mance of either the antenna or telescope, the apparatus
comprising:

a radio Ifrequency (RF) reflector configured for rigid
attachment to a body of a spacecrait, the RF retlector
being characterized by an mner rim defimng a void;

a plurality of struts, each strut having a first end and a
second end, the first end coupled to the RF retlector and
the second end coupled to a prime focus RF feed of a
hybrid reflector system, the prime focus feed being
located at a focal point,

wherein one of the struts, itself, 1s configured to act as a
waveguide transmission line;

an optical mirror co-located around a vertex of the RF
reflector, the mirror having an outer rim, such that
under operational conditions of the apparatus, a gap 1s
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defined between the inner rim of the RF reflector and
the outer nm of the mirror to allow structural and
thermal separation without aflecting antenna perfor-
mance; and
a plurality of sub-reflector support tubes, each having a 5

first end and a second end, the first end being connected

to the mirror and the second end connected to a
sub-reflector, wherein the sub-reflector 1s placed closer

to the mirror than the prime focus RF feed.
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