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1D PHASED ARRAY ANTENNA FOR RADAR AND COMMUNICATIONS
RELATED APPLICATIONS
[0001] This application claims priority to US Provisional Patent Application Nos.
62/144,473, filed April 8, 2015; 62/167,641, filed May 28, 2015; 62/190,378, filed July 9,
2015; and 62/239,993, filed October 12, 2015.

BACKGROUND

[0002] There are several applications where low cost, large aperture, steerable and/or multi-
beam antennas would be desirable. These applications include the detection of resident space
objects (RSOs) with active radar, multi-input multi-output (MIMO) phased array systems,
simultaneous communication between ground stations and many satellites, passive reception
of transmissions from multiple satellites. Currently, much of the technology to address these
needs may include 2D arrays, which are often prohibitively expensive because of the large
number of elements required to fill the aperture.

[0003] For radar applications, there is no low cost solution that allows for the detection of
small RSOs, defined as those objects having diameters in the 1-2 cm range. Detection of
RSOs with high accuracy is desirable for satellite collision avoidance, satellite tracking,
satellite launch support, satellite anomaly support, and general satellite mission operations.
When a collision is predicted, ground operators can maneuver the satellite to avoid the
collision. This lengthens the lifetime of the satellite and mitigates the risk of debris
generating events that can lead to future collisions. With the currently commonly available
systems, the routine detection and tracking of objects is limited to 10 cm and larger. Objects

smaller than 10 cm may go undetected yet can still pose a significant risk to satellites.
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Anticipated future deployment of large constellations of satellites requires the tracking of
smaller sized objects to avoid a cascading debris problem. The number of debris objects in
space goes up exponentially with decreasing size. A need exists for detection of objects 2 cm
or larger with a cost-effective system.
[0004] For communications applications, the planned deployment of large low earth orbit
(LEO) constellations consisting of hundreds to thousands of satellites requires high
bandwidth communications to enable data transfer with many satellites simultaneously.
These constellations may consist of hundreds of satellites per orbital plane, tens of satellites
of which could be in view to a ground station at one time. Traditional solutions focus on a
large number of steerable dishes for communications, which is cost prohibitive and
inefficient. There is a need for a low cost phased array solution that can communicate to tens
of satellites simultaneously.

SUMMARY
[0005] One embodiment is a phased array antenna system has at least one trough reflector,
each trough reflector having at least one phased array located at a feed point of the reflector,
and an array of elements located near to a point equal to one half of a center transmission
wavelength. Another embodiment is a method of decoding a receive signal that includes
propagating a transmit signal through a transmit and a receive path of a phased array to
generate a coupled signal, digitizing the coupled signal, storing the digitized coupled signal,
receiving a signal from a target, and using the digitized coupled signal to decode the signal
from the target. Another embodiment is a method of modeling the ionosphere that includes
transmitting measuring pulses from an incoherent scattering radar transmitter, receiving

incoherent scatter from the transmitting, and analyzing the incoherent scatter to determine
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pulse and amplitude of the incoherent scatter to profile electron number density of the
ionosphere.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] Fig. 1 shows an embodiment of a 1D phased array antenna system with a 1D phased
array system and a trough reflector.

[0007] Fig. 2 shows an embodiment of one section of a 1D phased array.

[0008] Fig, 3 shows an embodiment of one element of a 1D phased array.

[0009] Figs. 4 and 5 show an illustration of a far field directivity pattern of a scanning 1D
phased array.

[0010] Fig. 6 shows an illustration of an imaging field-of-view

[0011] Fig. 7 shows an embodiment of two 1D phased array antenna systems pointing at
different directions.

[0012] Fig. 8 shows an embodiment of a projection of the imaging field-of-view on the sky.
[0013] Fig. 9 shows an embodiment of a configuration of three 1D phased array antenna
systems.

[0014] Fig. 10 shows an embodiment of a projection of the imaging field-of-view on the sky.
[0015]

[0016] Fig. 11 shows an imaging field-of-views.

[0017] Fig. 12 illustrates gain as a function of trough length and diameter for a 1-D phased
array at 446 MHz

[0018] Fig. 13 illustrates one embodiment of a trough reflector and a 1D phased array
system.

[0019] Fig. 14 illustrates one embodiment of a digital beamformer architecture.
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[0020] Fig. 15 shows one embodiment of an analog beamformer architecture.

[0021] Fig. 16 shows an embodiment of a hybrid beamformer architecture.

[0022] Fig. 17 shows an embodiment of the use of a transmit signal for decoding.

[0023] Figs. 18 and 19 show embodiments of offset reflectors.

[0024] Fig. 20 shows multiple beams.

[0025] Fig. 21 shows an embodiment of a dual band system with horizontal offset.

[0026] Fig. 22 shows an embodiment of a dual band system with vertical offset.
DETAILED DESCRIPTION OF THE EMBODIMENTS

[0027] To address the needs of the radar applications described above, the approach

described below consists of a low-cost 1D phased array antenna that actively illuminates

debris and satellites for detection and measurement of range, Doppler, and angle. A 1D array

of elements is arranged at the feed point of an elongated reflector such as a parabolic trough.

This reflector concentrates the power in one direction and can be made of a metal mesh. The

use of a mesh contributes to the low cost. Other suitable materials may be used as well. The

concentration of power occurs mainly due to two factors. In the scanning plane the

concentration results from the array focusing. In the elevation plane the concentration results

from the shape of the elevation aperture of the trough.

[0028] The RF, digital and analog hardware is made from Advanced Modular Incoherent

Scatter Radar (AMISR) technology, which was designed for high reliability and low cost.

The low cost comes from a few different design methodologies. One in particular comes from

the analog-digital hybrid architecture of the 1D phased array system. In this architecture, the

digitization of the signals occurs after beam summation, which negates the need to use a

digitizer for each element. Further, using the trough structure reduces the number of elements
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required. Typically, the reduction factor may be a square root (functionally a factor of ~8)
relative to a 2D array. This contributes to a significantly lower cost solution. The trough
allows the antenna to electronically steer in one dimension so that a large imaging field
containing objects such as debris or satellites, as examples, can be detected.

[0029] To address the communication need, the approach similarly focuses on the use of a
parabolic trough reflector with a 1D array of elements at the feedpoint. This approach may
advantageously apply to the LEO constellation communications need. These constellations
will consist of multiple satellites concentrated in orbital planes. The 1D scanning technology
allows the operator to use multiple transmit and/or receive beams (MIMO communications)
in the orbital plane. In this way the array can simultaneously communicate with many
satellites, reducing or removing the need for large numbers of mechanically steerable dish
antennas or expensive 2-D phased arrays. To cover the full orbital plane, the arrays will need
to steer in azimuth and/or elevation and a single site may require multiple arrays.

[0030] The approach outlined above has many benefits. The 1D radar system described
below lends itself to cost-effective design. This enables several applications such as but not
limited to deploying multiple of these radar systems to monitor a large area of space and
achieve a high revisit rate on LEO RSOs. Higher cost systems can achieve monitoring with
conventional technology. Similarly, in communications, when satellite constellations deploy
with multiple satellites, one or multiple 1D antenna systems can deploy to communicate
simultaneously with these multiple satellites. These are only some of the advantages of the
system described below.

[0031] Using multiple reflectors, each reflector having one or more phased arrays, the system

can measure angles using radar or radio interferometry. In addition, the system, with one or
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more reflectors, can be used for monostatic radar, bistatic radar, multistatic radar,
interferometry both passive and active, and communications. Monostatic radar refers to a
radar in which the transmitter and receiver are collocated. In bistatic radar, the transmitter
and receiver are separated. A multistatic radar system includes multiple monostatic or
bistatic radars and has a shared area of coverage.

[0032] Fig. 1 shows the 1D phased array antenna system with a parabolic trough reflector 10,
with the reflector 20, the array of elements 30, the base 50, and the support structures 40 and
60. The support structures 40 and 60 while providing mechanical support may also provide
conduits for electric wiring to power the individual elements of the 1D array. One should note
that this discussion may refer to the 1D phased array antenna system with the trough reflector
as a'lD phased array system’, the '1D system' or the 'system.'

[0033] While the embodiment of Fig. 1 shows a parabolic trough, the system may use other
appropriate shapes such as but not limited to cylindrical, hyperbolic, toroidal, and catenary.
The trough reflector may consist of any suitable material, depending on frequency, such as
but not limited to metal mesh, expanded metal, metallized foam, and metallized sheets. In
general, the mesh aperture size, the size of the holes within the mesh, may be significantly
smaller than the operating wavelength of the radar.

[0034] Small aperture mesh provides high reflectivity and low leakage. Signal leakage
through the mesh increases antenna backlobe and system temperature. Antenna backlobe
refers to radiation of energy from the antenna in the opposite direction of the main radiation
direction. Increasing backlobe reduces the antenna energy radiating in the main direction.
Large aperture mesh is lower cost, lighter weight, and has reduced wind loading. The mesh

aperture design would consider such factors. Further, painting the mesh may protect the
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material from weathering. White paint reflects sunlight from the trough surface thereby
minimizing thermal deformations of the structure. The materials and the methods used for
constructing the trough reflector can help to lower the cost of the 1D phased array system.
[0035] The dimensions of the trough reflector are chosen appropriately for the applications.
One application would track LEO objects around 10 cm in diameter with a UHF trough. If
the elements have a peak power of 500 Watts and a 10% duty cycle, a system temperature of
150 K, and an integration time of about 100 ms, an appropriate trough would have a length of
approximately 45 meters. This corresponds to approximately 128 elements at half-
wavelength spacing, with a 13 m parabolic aperture.

[0036] As shown in Fig. 1, an array of elements 30 is located at the feed point of the trough
reflector. Fig. 2 illustrates a section of this array. The array may consist of multiple elements
such as 96, 128 or other suitable number. One element in the array, such as 35, may be
mounted with other elements on a support structure 37. The drawing shows the elements as
circles only for convenience. The shape, and form factor of the elements are appropriately
designed for the application.

[0037] Fig. 3 shows an example element from the AMISR UHF technology, with a cross-
dipole antenna 70. The transmit, receive electronics for this example element may reside with
the housing 75. The antenna pattern and the shape of the housing may differ from that shown
in the figure, depending on many factors including frequency and the application as
examples. Referring back to Fig. 1, with the array of elements as shown one may obtain beam
steering in the X-dimension or azimuth direction.

[0038] The presence of grating lobes may limit steering angles. Grating lobes occur when the

spacing of individual elements in an array is equal to or greater than half the wavelength.
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Similarly, the location of the grating lobes depends on the inter-element spacing and the
frequency of the signal. To maximize the steering angle, the elements may be spaced close to
a half-wavelength. With this configuration, a single array of elements can scan the X-Z plane.
Elevation angle diversity may be achieved in multiple ways and will be described further
below.

[0039] While not shown in the figure, the base of the entire reflector structure may be
movable. The need for a movable base might arise, for example, in a communications system
due to the need to track a single orbital plane as it precesses across the sky from revolution to
revolution. A movable base then allows the satellites in the given orbital plane to remain in
the scanning plane of the ID phased array system. A system of motors and actuating
mechanisms under control of a control system may provide the motion of the base. With this
control system, the amount and type of motion may be calculated based on a number of
situations such as but not limited to the projected path of a satellite or of other objects. The
projected path can be calculated based on measurements or other data and by using an orbit
model.

[0040] The system can impart many different types of motion. These may include but are not
limited to azimuth, elevation, and tilt. As described earlier, the 1D trough antenna has a
reflector 20. This reflector may consist of various materials including aluminum, steel, a
metal mesh or a metallized foam pad, as examples. These materials may be chosen based on a
number of factors including cost of materials, cost of fabrication and for what specific
applications the trough antenna is designed, as examples. As an example, if the antenna

resides on a movable base, a lighter material may be chosen. The lighter materials may
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include aluminum, cast magnesium or the metal mesh, as examples. This may reduce the
requirements on the size and capacity of the actuators that move the base.

[0041] Figs. 4 and 5 illustrate example directivity and radiation patterns from a 1D parabolic
trough system. This embodiment consists of 9 transmit elements operating at 446 MHz with
an element spacing of 0.37 meters, illuminating a 16-meter long trough with a parabolic
aperture of 13 meters. Fig. 4 illustrates the XZ plane far field directivity plane. The various
curves illustrate the directivity pattern for different beam steering angles. For example, curve
100 illustrates the directivity pattern for a beam steered at 0° whereas curve 110 illustrates the
beam at 57.3°. Fig. 5 illustrates the same information in a polar plot, except this plot
illustrates the steering of the beam. These two figures illustrate that with the set of parameters
chosen for this example, the beam may be steered +/- about 60°. Fig. 6 illustrates how this
steering may be utilized to cover the imaging field. In this figure, a section of the earth is
shown as 120. The imaging field of the 1D system is shown as 130. The 1D system can
sweep this area in transmit and receive operation by adjusting the phases for each element.
[0042] Multiple 1D systems may deploy to scan multiple sections of the sky, with multiple
possibilities for configurations. In one configuration, two 1D systems may be located and
oriented in such a way that they point to different directions in the sky. As an example, two
1D systems could reside at the same ground location, with one system pointing northwards
and the other pointing southwards with the scanning direction in the east-west plane. Fig. 7
illustrates the orientation of such a combined system.

[0043] In this figure, 10A and 10B are 1D systems oriented in a northward and southward
direction respectively. Arrows 12A and 12B indicate the scanning plane with the plane going

perpendicularly into the plane of the paper. Fig. 8 shows the angular plot of the sky looking
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upwards and curves 130A and 130B indicate the angular extent of the imaging field
corresponding to the 1D phased array systems 10A and 10B respectively, projected on the
angular plot.

[0044] Fig. 9 illustrates another configuration. In this embodiment, three 1D systems deploy
with one pointing north 10C, another pointing southeast 10D and a third pointing south-west
10E. Fig. 10 illustrates a plot with the angular extent of the scans as curves 130C, 130D and
130E. As a note, the lines 130A-130E curve due to the projection of the straight line onto the
angular plot. One can imagine these plots as spheres and the curves show where the scanning
planes intersect with the sphere.

[0045] With these examples, one can now understand how to create a 'space fence.' In other
words, the 1D systems are arranged in such a manner to detect any object above a certain
size, flying in certain orbits in the patch of space above the systems. The configuration of
Figs. 7 and 8 can detect objects flying on north south orbits. However, with this
configuration objects flying due east-west or west east may go undetected, and other
inclinations might result in a detection by only one of the systems.

[0046] The configuration of Figs. 9 and 10 mitigates these issues as objects flying in any
orbit may be detected. In addition, the configuration may provide at least two observations of
the object. This allows an appropriate choice depending on the requirements of detection.
One should note that other angles and configurations are possible. In addition, these systems
need not be co-located in one location. The systems could be placed far apart, for example,
one on each pole and one on the equator. However, since the antenna can only detect
spacecraft within line of sight and within its sensitivity limits, satellites or debris in low

inclination orbits would not be detectable from a polar station. Therefore, multiple equatorial
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sites are recommended so that a low-inclination satellite can be observed multiple times per
revolution.

[0047] Multiple ID-systems may also be used to achieve elevation angle diversity. This may
be achieved by arranging the systems 10G and 10F at an angle to each other and to the XY
plane. The scanning plane would then point at different elevation angles with different fields
of view 130G and 130F as shown in Figure 11.

[0048] A movable base enables changes to the position of the 1D system as described above.
In a further concept, the 1D system may include mechanisms that allow adjustment of
orientation. Referring to Fig. 1, the base 50 may move by a system of gears, motors or other
types of actuators, not shown in the figure. As an example, the mechanisms may allow
rotation of the entire system about the Z-axis. Other mechanisms may allow changing the
orientation of the trough antenna. One can visualize orientation by examining one of the
systems in Fig. 7.

[0049] The arrow 12A or 12B would point at a different angle when orientation changes. In
this case, the actuating mechanisms would cause the trough to point in a different direction.
The ability to adjust or modify the position and orientation may have advantages in many
situations. In one example, modifications of the shape of the fenced area may enable better
detection of a target. Referring to Fig. &, if an object flew across the sky in a mostly east-west
direction with a small south-east to north-west angle so that the object and the field-of-view
of the 1D system intersected very briefly or for a short period of time, one or both the 1D-
systems shown in Fig. 7 may rotate around their Z-axes. The next time the object comes

around, if it is circling the earth, the rotated systems may obtain a better signal.

11
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[0050] The length and the diameter of the trough represent only a few of the many design
parameters for the 1D phased array antenna system. The gain of the antenna is one factor
considered when making the design choice of the length and diameter. Fig. 12 shows a
calculation of the antenna gain as a function of trough diameter and length for a UHF system.
It also shows that if a particular gain is desired, the diameter and the length may be varied as
best suited for the environment in which the 1D system will deployed. The gain of the

antenna is given by:

41T

where L is the radar wavelength, and A is the effective aperture, given by:

Aerr = €DiengtnDwiatn Eqn. 2
where Dywian and Diengm are the width and length of reflector and € is the aperture efficiency.
[0051] The required trough size for a radar application is determined by a number of

factors, including the detectability of the target. The received power is given by:

PexGexGryGresA?

P. =
L (4m)3RE REL

Eqn. 3

where Py, is the transmit power, G is the transmit gain, G, is the receive gain, o is the
radar-scattering cross-section, X is the radar wavelength, Rx is the transmit range to the target,
R, is the receive range to the target, and L is a loss factor. The required integration time to
achieve a given signal-to-noise ratio (SNR) is:

FsafetkaTsys
Ty = —oLey B sy Eqn. 4
qutyprx

where kg is Boltzmann's constant, T, is the system temperature, and F.y is the system duty

cycle, and Fypry is a detectability safety margin.

12
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[0052] Conversely, the minimum detectable RCS for a radar is given by:

P (41m)® R% R#xL FsaferyKBTsys
res Pththrx/-tz qutyTint )

Eqn. 5

Mapping the RCS to a physical object size depends on the object scattering properties,
material, and many other factors. For a spherical conducting sphere, one can assume Rayleigh
scattering if the object circumference, Corj = 2R, is less than approximately 0.1. In this

regime, the RCS to object size relationship for a spherical conducting sphere is given by:

64 Co i
Orcs = ) Aobj( /-Lbj)4 Eqn. 6

where Aopj cross-sectional area of the target. For an object circumference greater than 0.1%,
the RCS can be treated using Mie scattering and the RCS is more difficult to predict. For very
large objects, the RCS approaches the optical crosssection (Ao;). Given a desired minimal
detectable cross-section at the desired range, as well as the desired integration time, the
system parameters can be computed.

[0053] Fig. 13 illustrates an example of a trough geometry. The trough 20, shown as a solid
line, is seen to be part of a parabolic arc 25, shown as a dashed line. The feed point is
indicated. This is where the elements of the 1D array may be located, going into the plane of
the paper. In this particular example, the feed point is located at 5.63 m above the lowest
point of the parabola. The angle from the feed point the edge of the trough is 60°. The depth
of the dish in this case is 1.88 m. These numbers are dependent on the beam pattern of the
element.

[0054] A sub-reflector may offer additional advantages to the trough design. This is an
additional reflector that may be located between the feed and the main trough. It may be used

to redirect, focus, or spread the radio frequency energy traveling between the feed and the

13
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main trough. Using the sub-reflector antenna gain and sidelobe levels may be further
optimized. It may also reduce the cost to service the feed because the feedpoint can be
located closer to ground level. Furthermore, the orientation of the feed antenna equipment
can be adjusted to make installing and servicing easier, and so that gravity-fed moisture
drainage holes do not interfere with electronics or ground planes.

Table 1 below illustrates example configurations of a 1D system as described above.

14
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For the same object characteristics and for the same general characteristics such as frequency,
for a given power-aperture product. Power-aperture product measures the performance of
radars. The table compares a trough array and a 2D array. From this table, it can be seen that
for a 500 Watt UHF system, for an object with diameter of 10 cm, given the same power-
aperture product, the 1D system has a trough length of 49m and a width of 13m compared to
a linear dimension of 13.71 m for the 2D array. However, the number of elements required in
the 1D system is 147 compared to 1690 for the 2D array. This illustrates the cost advantage
of the ID-system.

[0055] Figs. 14-16 show some examples of receiver beamformer architectures. Beamformer
architectures are well known and understood. Figure 14 is the most general configuration,
where the signals from N elements are amplified and digitized, and fed into an N-channel
beamformer functionally consisting of a digital delay and summation. While attractive, this
solution may be prohibitively expensive for commercial applications because the beamformer
requirements might be excessive, for example requiring 2 GHz bandwidth over 1000
channels.

[0056] Fig. 15 shows an alternative solution of an analog beamforming approach. In this
embodiment, every signal is amplified then sent to a phase shifter bank and summed,
producing an N-channel analog stream. The signal is then digitized. This configuration
requires fewer digitizers. Fig. 16 illustrates a hybrid approach where groups of channels, 1 to
M in the example, are summed. The partial sums are then digitized to form a total sum. Each
configuration has its own advantages and disadvantages in terms of cost, power usage and

beamformer precision. These are well known in the literature and will not be described here.
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Additionally, while the figures describe the receive signal path, the transmit signal path is
similar and will not be repeated here.

[0057] Coherent processing is a technique to improve signal to noise ratio (SNR) which
increases detectability for radar applications. The bandwidth of the transmitted waveform
determines the range resolution for a radar. For phase-coded waveforms, where a pulse is
phase coded with Npa.q number of "bauds” spaced every Tyaua seconds, where the total pulse
length is Tpusse = NpauaTpaua, the range resolution is given by ¢Tyaua/2 where c is the speed of
light. While this is the fundamental resolution over which the radar can resolve, interpolation
can be used to improve the statistical range measurement accuracy to greater than 10 times
this value, in the case of high SNR returns.

[0058] While the range measurements from individual pulses can be "incoherently" averaged,
or fit with an orbital model, to improve the statistics of measurements as the VNint where Ning
is the number of incoherent integrations, coherent processing can be instead applied which
increases the statistics of measurements as N;,;. To achieve this, multiple pulses can be
combined coherently assuming that the target amplitude is stationary over the integration
time. Coherent summation refers to summing being done in the complex domain where
phases are preserved, as opposed to incoherent summation where summing is done after
magnitude detection.

[0059] In a first sequence where the transmitters transmit 'Pulse 1', 'Pulse 2°, 'Pulse 3" and so
on. After Pulse 1 is transmitted, the reflected signal, Signal 1, is received at a target.
Similarly, a signal, Signal 2, comes back after Pulse 2 is transmitted. The receive signal may
be quite weak and close to the noise floor. In this case, Signal 1 and Signal 2 may be

coherently summed to improve SNR.
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[0060] To explain this concept mathematically, if the transmitted waveform is given by:

e(t) = e (t)e'@ot Eqn. 7
where e(1) is the slow-time varying complex envelope of the transmission and wy is the radian
carrier frequency. The received signal is modeled by:

z(t) =bx (t — %) el@pnt Eqn. 8
corresponding to a scaled (b) delayed time (¢-2R/c), Doppler shifted (wp) version of the
received signal as discussed in “Real-Time Space Debris Monitoring with EISCAT,”
Advances in Space Research, vol. 35, no. 7, pp. 1197-1209, 2005. Additional levels of
complexity can be added to this model. For example, if the Doppler shift itself varies with
time, then this can be modeled as shown in the reference.

[0061] Estimation of the received signal can be accomplished by simply convolving
the received signal, z(¢), with a delayed time, Doppler shifted representation of the transmit
waveform. Therefore:

$(t) = fOT z()x(t — %)ei“’l’tdt Eqn. 9
where §(1) is the estimated receive signal. While most applications treat T as the pulse length
(Tpuise), it can equally be several pulses so long as coherency is maintained. In this matter,
multiple pulses can be coherently decoded, accounting for the Doppler shift of the received
waveforms. Equation 9 can be discretized and written as a discrete Fourier transform. The
estimated signal can be computed over all resolvable frequencies using a Fast Fourier
Transform algorithm. In this way, multiple targets in the field-of-view but at different

Doppler shifts can be discerned.
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[0062] Long coherent integration times have the advantage of increasing Doppler resolution.
The Doppler resolution is determined by /T in the above equation. Coherent processing
increases SNR and significantly improves Doppler resolution.

[0063] In another consideration, coherent integration produces a large advantage over limited
time intervals as long as the signals from the targets remain coherent. Changes in the system's
viewing angle, satellite orientation (rotation), or the state of the ionosphere cause returns to
lose coherence. This reduced coherence reduces the effectiveness of coherent integration
algorithms. A scheme that combines short coherent integration intervals with longer
incoherent integration intervals often yields optimal system performance. Several types of
incoherent integration of operations may be done. As an example, the summation may be
carried out after detection or the power from each channel may be summed.

[0064] As mentioned above, the radar resolution is determined by the transmit bandwidth. In
conventional radar systems, frequency chirps are often used to provide this bandwidth
broadening. However, the performance of these systems is limited by the presence of clutter
and interference, and frequency chirps have an inherent range-Doppler ambiguity.
Randomization of the transmit pulse parameters provides an advantageous technique to
overcome some of these issues, especially if multiple targets over a wide range of altitudes
are being tracked. The pulse length (7use) the interpulse time (Tipp) can be randomized,
occasionally called aperiodic coding. In addition, the baud length (Tpawa) described earlier can
also be randomized.

[0065] To explain this a bit further, a statistical property of pseudorandom sequences is that

they are orthogonal. For two pseudorandom sequences this can be mathematically written as:

($1()1S,()) = 0
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Randomized pulse sequences make use of this statistical property to reduce or eliminate
ambiguous self-clutter from unwanted ranges. In one example, randomized pulse sequences
may be used to detect objects at different altitudes. In a string of pulses which have been
randomized, one pulse may be used for a low earth orbit object detection whereas the
combination of many pulses may be treated as a longer pulse sequence for geosynchronous
equatorial orbit (GEO) object detection (which are at higher altitudes).

[0066] In another example, each pulse can have a unique random sequence so that when the
receive signals from one transmit pulse are decoded, signals from other pulses do not clutter
the signals from the first pulse, and essentially get randomized into noise. When multiple
targets are present in the field-of-view at the same time, a conventional radar may not
discriminate between the two. However, using randomization of the pulse with unique
sequences, it becomes possible to identify where the receive signals originated from.

[0067] In another example, randomization of the T;, using aperiodic sequences would be
advantageous for high altitude targets. This is because the detection of targets that are at high
altitudes (e.g., GEO) typically takes 100s of milliseconds, over which several pulses are
transmitted. By randomizing the IPP, one is essentially randomizing the transmit pulse using
"0"s, transmitter off-times, limited by the transmitter inter-pulse period (IPP), essentially
transmitting an exceptionally long pulse with good coherency properties. These "0"s, if
periodically repeated, provided Doppler ambiguity determined by the Fourier transmission of
the transmission waveform. Randomizing 7;,,, reduces these ambiguities and therefore
reduces the likelihood of false or biased detections from noise. In addition, one could

randomize radar waveforms.
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[0068] The combination of an electronically scanned phased array and coherent processing
leads to the ability to track multiple objects simultaneously with good range and Doppler
resolution. For example, 10 objects can be tracked simultaneously with a UHF system with
an estimated object coherency time of 100 ms, with a Doppler resolution of 10 Hz (3.35 m/s
at UHF). The object would remain in the beam for 5s and the time spent per object would be
500 ms. The number of coherent range and Doppler estimates would be 5 while the object is
in the beam.

[0069] As mentioned earlier, the transmit pulses may be sometimes coded to enhance
parameters such as signal to noise ratio. These coded signals have to be decoded when they
are received at the 1D system. Typically, during the decoding process, a copy of the intended
transmit waveform is used. However, using the copy of the intended transmit waveform may
result in unsatisfactory levels of artifacts due to improper decoding. This is because the actual
transmit waveform emanating from the individual elements may be different that the intended
waveform due to distortions in phase, amplitude, and timing. It is advantageous to use the
actual transmit waveform for the decoding process.

[0070] Fig. 17 illustrates this concept. This figure shows some of the functional processing
blocks of the transmit/receive system. An example of an intended transmit signal 620 is
shown at the output of the signal generator 610. As this signal propagates through to the
antenna 630 and is transmitted, it will undergo further magnitude and phase changes. After
transmission, the signal travels to the target and reflects back to the antenna. The receiver
electronics, which may include a processor executing instructions, processes this signal. As
shown, the signal at the output of the receive beamformer 670 may be different in magnitude

and phase compared to the intended transmit signal 620.
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[0071] Using the intended waveform to decode the receive signal may lead to artifacts. To
avoid these artifacts, a signal that is propagated through the transmit and receive functional
blocks but not propagated into free space is used. This signal results from leaks caused by the
circulator or the transmit/receive switch 640 designed with some coupling. During the
transmit operation, some amount of signal couples from the transmit side to the receive side.
This coupled signal is then digitized and stored and used for decoding the receive signals
from the target.

[0072] Inverse Synthetic Aperture Radar (ISAR) is a technique for imaging an object, such as
a piece of debris or a spacecraft, with multiple radar systems. These images can identify the
object, especially if it is large, and improve the ability to link measurements taken by one
radar with measurements taken at another radar. The quality of the image formed using the
ISAR technique is dependent on the satellite motion and signal bandwidth. The images
formed using this technique are two dimensional, with one axis pointed along the axis of the
trough and the other axis pointed in the range direction away from the trough. The best image
resolution is achieved when the radar can view the object from horizon to horizon, and when
the radar has a very wide bandwidth. The use of the 1D system with inter-element spacing
less than or equal to A/2 is advantageous in this case as it allows the use of steered beams; this
improves the time that a target is visible to the 1D system thus enabling the formation of
ISAR images.

[0073] Fig. 18 illustrates an example trough geometry. The feedpoint is seen approximately
Sm directly above the lowest point of the trough and approximately 6m away from the edge
of the dish. In may be difficult to have physical access to the feedpoints without special

equipment. In addition to the issue of access, having the feedpoint directly above the trough
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increases blockage of the signals in the main part of the beam. In Fig. 18, another
configuration is shown which overcomes these issues. Here the feed point is located to the
side of the antenna and not directly above it but still at the focal point of the parabola. In this
example, the feed elements are rotated 60°, facing the trough. This results in an aperture of
13m for the trough however as can be seen from the figure, the feed points are only about
3.7m over the bottom of the trough.

[0074] Fig. 19 shows another configuration where the feed points are rotated 55°. Here the
feed points are about 3m above and about 2m away from the edge of the dish. Other offset
configurations are also possible. These configurations lower the feed points as well as make it
more accessible. These configurations also minimize the blockage caused by the feedpoints.
[0075] Given the physical size of the 1D system, there may be variations in the position of
the elements. These variations may cause variations in the magnitude and phase of the
receive and transmit signals. Variations in signals may also be caused by other factors
unrelated to the size of the 1D system, such as cable characteristic, electronics, cross-
coupling from signals emanating from neighboring elements. Ultimately, these variations
may cause degradation of the beams by affecting the beam pattern and beam sensitivity. It
may be advantageous to measure the variations and then accommodate for the variations.
[0076] The process of calibration may generally consist of at least two steps. In the first step,
an electromagnetic model of the system, which included the geometry of the elements and the
1D trough, may be generated based on measuring the position of the elements from a
reference point. These measurements can be made for example with a laser device or from
multiple aerial photographs from multiple angles from which a 3D model of the system is

built. A second step requires a calibration antenna located at a known position. Each element
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sends and receives signals from the calibration antenna one by one. Now the measured phase
of the received signals is compared to the predicted phase from the model for each element.
One should note that the electromagnetic model may also contain the location of the
calibration antenna.

[0077] These deviations on an element-by-element basis provide the phase distortion or
modification that occur due to the electronics and other factors. These deviation values,
called calibration values, are obtained for transmit and receive operation separately. To obtain
the transmit calibration values, the reverse of the above operation is performed; in other
words, signals are transmitted from each element on an element-by-element basis and
received at the calibration antenna. The appropriate transmit or receive values are then
applied when the system is in operation again on an element-by-element basis.

[0078] For the purposes of satellite, spacecraft and space debris tracking, it is advantageous
to measure the electron-density as a function of ionospheric depth. Electromagnetic waves
travelling through the ionosphere can experience delays in the UHF band. This may lead to
time-variable bases in the range measurements. To first order, the phase delay incurred by
electromagnetic waves through the ionosphere is 40.3 TEC/f, where TEC is the total electron
content (units of electrons per m2) and/is the operating frequency in Hz. Two-way range
delays could be in the range of 10-100 meters, and highly variable because of variability in
ionospheric conditions. This is especially true at mid and low latitudes where the ionosphere
is most variable.

[0079] The conventional way to address this issue includes modeling the ionosphere and
using the model to correct the range measurements. However, the ionospheric characteristics

change as a function of location and time, reducing the value of using the model for error
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correction. In the method described below, the incoherent scatter resulting from transmitting
measurement pulses is received and analyzed. By using the pulse and amplitude of the
received signals, a real-time model of the ionosphere is generated. Use of this model may
result in more accurate range estimates.

[0080] To explain this in mathematical terms, incoherent scatter (IS) is thermal backscatter
from ionospheric electrons, as discussed by J. V. Evans in “Theory and Practice of
Ionosphere Study by Thomson Scatter Radar,” Proceedings of the IEEE, vol. 57, no. 4, pp.

496-530, 1060. The incoherent scatter backscatter cross-section is given in that paper as:

— O-e
T A+ ad)(A+ T, / T+ a?)

o Eqn. 11

where o. is the radar cross-section of an electron, 7, and 7; are the electron and ion
temperatures, and o is a wavelength-dependent plasma Debye-length term. The total received
power is then proportional to the total number of electrons within the illuminated volume,
and thus the electron number density N., as well as the power aperture product. The received

power decreases as:

Psa Phopp=sr Eqn. 12

By analyzing the received power, ISRs can effectively profile the electron number density, as
well as other properties of the medium through interpretation of the IS Doppler spectrum.
[0081] In practice, ionospheric probing pulses can be interleaved with the satellite tracking
pulses to measure range-resolved profiles of the electron density. The ionospheric total
electron content (TEC) between the transmitter and satellite can be computed by integrating
the measured electron density along the path from the transmitter to the satellite. The range

delay can be computed through the phase delay equation above.
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[0082] As stated earlier, for communications applications, the anticipated deployment of low
earth orbit (LEO) constellations consisting of multiple satellites requires high bandwidth
communications to enable simultaneous communication with the satellites. These
constellations may consist of hundreds of satellites per orbital plane, tens of satellites of
which could be in view to a ground station at one time. The approach described here uses
multiple receive beams to communicate to the multiple satellites simultaneously.

[0083] Fig. 20illustrates a configuration where multiple beams are generated. This is an
advantageous configuration for a communications system with the requirement to uplink
and/or downlink with multiple satellites simultaneously. In this example, three 1D systems
are illustrated although the multiple beams can be generated with just one system. The
imaging field-of-view of each 1D system is illustrated by 310, 320, and 330. By arranging the
systems in a plane, a composite field-of-view in the X-Z plane may be created and multiple
satellites in the same orbital plane can be addressed.

[0084] In some applications such as for communications, it may be advantageous to use
different frequency bands. For example, the S-band (2-4 GHz) may be used for uplink and X-
band (8-12GHz) may be used for the downlink. For reference, uplink refers to the
communication between the ground stations to the satellites and downlink refers to the
communication from the satellite to the ground stations. Some protocols for downlinking data
from satellites require that an uplink be established and maintained during the download. This
is done to obtain information about the quality of the link and to determine the data rate to be
used for the downlink. The uplink requires only a low data rate, for example, often a narrow

bandwidth beam (about 1-2 MHz) is sufficient for the uplink. For the downlink, a wider
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bandwidth is often necessary. For example, an appropriate bandwidth may be around
100MHz.

[0085] Other frequencies and bandwidths are possible for the uplink and downlink. For
example, the Ku band (12-18GHz) may be used for the uplink and the Ka band (26.5-40GHz)
may be used for the downlink. There are a number of ways the antennas for the two different
bands can be configured in the context of a 1D system. In one configuration, the two 1D
phased arrays are arranged so that they are horizontally offset. This is illustrated in Fig. 9A.
[0086] In Fig. 21 the location indicated by 500 may be the location of the X-band downlink
feed whereas the location indicated by arrow 510 may be the location of the S-band uplink
feed. Arrow 520 indicates the distance by which the S-band is offset. In this case the X-band
feed is placed at the focus point of the trough and the S-band is horizontally offset. Various
rules may be used to calculate the amount of horizontal offset shown at 520. However, one
preferred configuration is to place the higher frequency antenna at the focus and offset the
lower frequency antenna and make this offset to equal Y4 (X-band wavelength + S-band
wavelength), which effectively places the feeds side by side. Feeds are often half a
wavelength in width.

[0087] Moving the feed away from the focus degrades the performance of the system;
however, the system performance degrades more slowly at lower frequencies. So the high
frequency feed is placed at the optimal location and the low frequency feed is placed nearby.
This configuration ensures that the higher frequency signals are minimally or not impacted,
but the signals from the low frequency may be lower at the target due to the misalignment of
the antenna from the feed. A standard engineering design rule is to accept a maximum of 3

dB of degradation, but less degradation is preferable.

27



WO 2016/164758 PCT/US2016/026697
[0088] If the downlink frequency is chosen as 8.1 GHz, having a wavelength of 3.7cm, in the
X-band, and the uplink frequency is chosen as 2,056 GHz, having a wavelength of 15cm, in
S-band, then the maximum offset causing 3 dB of degradation to the uplink system is 4.6 cm.
In addition to degrading system performance, offsetting the feed changes the pointing
direction of the main beam. If the changes are large enough, then the antenna will not point at
the satellite but instead at blank sky nearby. For example, given the offset of 4.6 cm above
and a trough width of 2 meters, Table 2 below shows the change in pointing direction of the
S-band beam in degrees (0) for various focal heights shown as 530. The table also shows
what the X-band feed angle in degrees (o) is for these focal heights.

[0089] The feed angle is the width of the trough, measured as an angle, when viewed from
the location of the feed. The system will perform best when the beam width of the feed equals
the feed angle of the trough, otherwise the trough is over-illuminated that wastes energy or
under-illuminated which does not maximally utilize the trough. A beam width of 90° is
common for commercially available feeds. Changing the curvature of the trough, from the X-

band example discussed above, so that the feed angle is 90° results in an optimal focal height

of 1.2m.

Table 2

Focal height (m) S-band beam offset (deg) X-band feed angle (deg)
530 0 a

1 2.62 106

1.2 2.18 90

1.25 2.09 87

2 1.31 56

2.5 1.05 45

3 0.87 38
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[0090] In an alternative configuration, the S-band antenna may be offset vertically from the
X-band antenna, which would be placed at the focus of the reflector. Fig. 22 illustrates this
situation. The S-band antenna is placed at location 540 whereas the X-band antenna is placed
at location 500, The vertical offset is indicated by arrow 550 and as before, the focal height is
indicated by 530. Various rules may be used to calculate the amount of vertical offset 550.
However, in one preferred configuration, the vertical offset is chosen such that the path
length difference between the rim ray and the vertex ray, path length between 540 to 550 and
back up to 560, is 90°. This condition ensures that the reflected ray coming from the edge of
the reflector and from location 560 interfere neither constructively or destructively. Rays
emanating from all other points interfere more and more constructively.

[0091] In yet another alternative configuration, the 1D system can be made in sections and
each section may have only one type of feed antenna. This is the case of the ID
communications system having three sections, the middle section may be the X-band and the
outer two sections can be the S-band.

[0092] In another configuration a dichroic sub-reflector is placed between the trough and the
prime focus 500 in Fig. 22 along the line segment connecting 500 and 550 in fig. 9B. One
feed may be placed at the prime focus and the other feed may be placed to the side of the
trough, behind the trough, or between the trough and the dichroic reflector. If the second feed
is behind the trough, then a hole must be formed in the trough to allow radio frequency
energy to pass between the sub-reflector and the feed. The dichroic sub-reflector may be
designed to be transparent at the frequency of first feed, so the first feed sees the trough as if
the sub-reflector were not present. Furthermore, the dichroic sub-reflector may be designed to

be highly reflective at the frequency of the second feed. The sub-reflector redirects the energy
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to focus at a new point at a different location than the prime focus of the trough. This creates
two focus points for the system, each at a distinct frequency and location, so that the
performance of both feeds may be optimize and the feeds do not need to be located close to
one another.

[0093] It can now be seen that several techniques exist that allow placement if different types
of antenna in the same reflector. The preferred configuration is to use two sections - one
section dedicated to the uplink and the other section dedicated to the downlink - with all the
feeds placed at the optimum locations, the focus points. This is done because using offset
feeds can be a very expensive design challenge. Placing feeds side-by-side or one-behind-the-
other can lead to electromagnetic coupling and radio frequency interference, whereby signals
from the transmit system (uplink) corrupt the receive system (downlink). The additional
design cost for offset feeds is often larger than simply building multiple troughs.

[0094] Given a set of requirements for signal integrity for any one or a group of satellites, a
consistent approach may be adopted to design the length and width of the trough antenna. As
an example, given the requirements of the link quality, the total collecting area of the trough
may be determined. Similarly, the orbital plane of the satellites may be used to determine the
width of the antenna as the width determines the width of the elevation beam. The choice of
the width and the size of the elevation beam may be such that the satellite always remains
with the scanning plane of the 1D system. With the width and collecting area calculated as
described above, the length of the trough may be determined.

[0095] The 1D systems described above may be configured as part of a satellite control
system. In one application of this control system, the system may be used to send alerts when

expected targets do not get detected. This may happen for example when satellites drift from

30



WO 2016/164758 PCT/US2016/026697

their orbits. In particular, low altitude satellites are more prone to drifting due to atmospheric
drag. When a satellite is expected but not detected, alerts can be sent out to the operators. In
addition, the scanning pattern of the 1D system may be modified to try and find the satellite.
For example, the field-of-view may be broadened to a larger angle so that more area is
covered. In addition, if the system was mounted on a mobile platform particularly if the
system was operating in the S-band, K-band or X-band when the size of the trough would be
of the order of a few meters, then the 1D system may be repositioned in one of various ways
to try and find the satellite. In addition, one should note that while the above discussion has
been directed to 1D phased arrays, the discussion also applies to 2D phased arrays.

[0096] It will be appreciated that variants of the above-disclosed and other features and
functions, or alternatives thereof, may be combined into many other different systems or
applications. Various presently unforeseen or unanticipated alternatives, modifications,
variations, or improvements therein may be subsequently made by those skilled in the art

which are also intended to be encompassed by the following claims.
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WHAT IS CLAIMED IS:
1. A phased array antenna system, comprising:

at least one trough reflector, each trough reflector having:

at least one phased array located at a feed point of the reflector; and
an array of elements located near to a point equal to one half of a center

transmission wavelength.
2. The system of claim 1, wherein the reflector is made of one of metal mesh, aluminum,
cast magnesium, metallized foam, expanded metal, and metallized sheets.
3. The system of claim 1, further comprising a movable base upon which the trough
reflector is mounted.
4. The system of claim 3, wherein the movable base is configured to provide movement
to the reflector based upon preprogrammed, calculated, manual or other types of inputs.
5. The system of claim 4, wherein the movement comprises one of position and
orientation in the XY plane, rotation about the Z-axis, tilt, and rotation of the trough about the
X-axis.
6. The system of claim 1, wherein the at least one trough reflector comprises at least two
trough reflectors, each with at least one-dimensional phased array, the reflectors positioned to
allow the reflectors to coordinate coverage of the sky.
7. The system of claim 6, wherein the reflectors are positioned one of either together or
in geographically separate areas.
8. The system of claim 1, wherein the system includes at least one processor, the
processor configured to execute code to allow the processor to perform at least one of

coherent processing, and randomize at least one of radar waveforms and transmit parameters.
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9. The system of claim 1, wherein the at least one phased array receives from and
transmits to multiple satellites simultaneously.

10. The system of claim 9, wherein the at least one phased array comprises two phased
arrays, a first phased array to transmit to satellites and a second phased array to receive from
satellites.

11. The systems of claim 10, wherein the first and second phased arrays are configured to
communicate with one of a same satellite, two different satellites, or the same satellite and
different satellites.

12. The system of claim 1, wherein at least one-dimensional phased array comprises at
least two phased arrays residing in one reflector, each phased array operating at a different
frequency.

13. The system of claim 12, wherein one phased array operates at a first frequency and is
located at a focal height of the reflector, and a second phased array operates at a second
frequency and is located at an offset from the focal height, wherein the first frequency is
higher than the second frequency.

14. The system of claim 13, wherein the offset is one of a horizontal offset at
approximately 4 of a sum of wavelengths corresponding to the first frequency, and a vertical
offset such that a rim ray and a vertex ray path lengths differ by approximately 90 degrees.
15. The system of claim 14, further comprising a dichroic sub-reflector placed between
the trough reflector and a prime focus of the reflector.

16. The system of claim 15, wherein one feed is placed at prime focus and another placed
in a different place comprising one of the side of the trough, behind the trough, and between

the trough and the dichroic reflector.
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17. A method of tracking using the system of claim 1, wherein the tracking comprises at
least one of spacecraft tracking, satellite tracking and space debris tracking.
18. A method of decoding a receive signal, comprising:

propagating a transmit signal through a transmit and a receive path of a phased array
to generate a coupled signal;

digitizing the coupled signal;

storing the digitized coupled signal;

receiving a signal from a target, and

using the digitized coupled signal to decode the signal from the target.
19. The method of claim 18, wherein the coupled signal is propagated, digitized and
stored during a first period.
20. The method of claim 19, wherein the signal from the target is received during a
second period after the first period.
21. The method of claim 20, further comprising automatically calibrating any signal
delays through the transmit and a receive path.
22. A method of modeling the ionosphere, comprising:

transmitting measuring pulses from an incoherent scattering radar transmitter;

receiving incoherent scatter from the transmitting; and

analyzing the incoherent scatter to determine pulse and amplitude of the incoherent
scatter to profile electron number density of the ionosphere.
23. The method of claim 22, wherein analyzing the incoherent scatter comprises

determining received power from the incoherent scatter.
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24. The method of claim 22, wherein transmitting the measuring pulses comprises
interleaving the measuring pulses with satellite tracking pulses.

25. The method of claim 22, further comprising integrating the electron number density
along a path from the transmitter to a satellite to determining an ionospheric total electron
content.

26. The method of claim 22, further comprising using the electron number density to

adjust range measurements.

35



WO 2016/164758 PCT/US2016/026697

117




WO 2016/164758 PCT/US2016/026697

2117




WO 2016/164758 PCT/US2016/026697

317

= BN
Ny :
X N
W N

iz

»
¥ 3
o §

* 3 S

\\{ X NN
S S

R b AR
£

SR

s, L
GRS AR,
st ¥4

i

| dprien

P
75

%Y 5

100

e

e

A

i

grnssenray

a7

pevecriissedy

N

X
&\m\\w%\\{‘\w Y
\4\“\%\‘&%&&‘\\\\3\\:%?*‘“%} R
o AR
o

- AN
W\\

FIG. 4

: R

AR

c4

kit Paberat wy Bk

=
5 RS AN
S R B

& A e
N R NN R
Ry SRR o oo SRR, o
...... R SRR TR AR
SR GnAR B 3

N RS AR
RS

' . AN
AN A SRR ) o
NN .\\\.\\\\

ol

N .
SN \\'\\\\‘\\\\ss\&\‘ e
RN R e
AR RRARDEARAE I

3

(8 ML P pen Fan b i

%
7

i




WO 2016/164758 PCT/US2016/026697

4/17

LHOR X2 Blane Far-Fliold RudintonFalioms vw Sloor Asgle {108avadds bough, straight dipafoa}

.. 100

b 7
i ?

:’é’r’r’r’r’r

st

110

SR




WO 2016/164758 PCT/US2016/026697

517




WO 2016/164758

6/17

PCT/US2016/026697




WO 2016/164758 PCT/US2016/026697

717

- = %
B X I
B b - .
. E e :
£ 4 o 3 ;
> s ."-
3 & o
/ v
R i ¥
v .
S $ k]
]
b




WO 2016/164758 PCT/US2016/026697

8/17

Gain as a function of trough diameter and length

Temugh diaroeter irnestors)

B 20

Ry

Toungh length metarsd

FIG. 12



PCT/US2016/026697

917

WO 2016/164758

5%
7 7 G : 7 7 4 P

Kacd)

SR re rre sl wpr SR e rrs sre sl e wse el v

Y
3 A
3 B kS
: ; % o,
7o 4 %, 4 W
: . ¢ \\.@\2
: o, .\
3 7 ¢ E%
: g2 ] %\
3 s 3 ‘.NN
: E%] * s
: Lo B o9
: o] ise
3 Y ‘
: £% % ;
o A e s SRR rizerssseessesessoesisosss HH .\
v 3

ovoeibe : 2 o % gy
W [ Wy @ £ H
& ER2 (] % s
%
H

FIG. 13



WO 2016/164758 PCT/US2016/026697

10/17

Low-noise amplifier

Analog digital converter

Digital Delay

RSN
N ;‘"‘ ; N o

\ >/ Digital Summation

-\ e

;\m.\.?"’ ~

* Digitized receive summed signal

FIG. 14



WO 2016/164758 PCT/US2016/026697

11/17

1 ..N | Low-noise amplifier

Phase shifter converter

rv

! Analog Summation

A

ADC

ty
nanaananast
N
N

Q Digitized receive summed signal

FIG. 15



WO 2016/164758 PCT/US2016/026697

12/17

Low-noise

amplifier ..M L M+1.....N

Phase shifter
converter

Digital delay

N

b
1
N

F Digital summation

&

Digitized receive
summed signal

FIG. 16



WO 2016/164758

Recedve side chain

640

£y Phase ¢ \
Y shifter ;

hY
N\

- _
Y Recwive
'S Beamformer
CaN .3‘\\ ; \§ :““'» S
AUV RTAY

ADG

Storage

Receive sighal
Location P

PCT/US2016/026697

13/17

— 630
N S Antenna

Transmi zide chain

.

\7\\ . R N aaks ‘< 2 s A
e Clrcutator fTR switch

- {
N N
N

. Phase
5 shifter

S

620

Splitter

5 § ‘{} g'} i§§ o~
geney ator P

!

Input transmid
controd signal

FIG. 17



PCT/US2016/026697

WO 2016/164758

14/17

b

o

Aty B W, W LTI
Vg a2t

i

#L

5

mEierR

FIG. 18



WO 2016/164758 PCT/US2016/026697

15/17

10k
5

T < 8 x,

A o 3 .
A e . Y o o
i i o LFSREREER 3 IR \
-~ k N i & o
-~ R Rt *,
ot e R "

Ay
N X & b RN N
~% § & Ny i3 S &



PCT/US2016/026697

WO 2016/164758

16/17

-~

sreaseaseesrss,

SUCEREEERRREE4

g

A AT SR WAL AL NN s

L e

FIG. 20



PCT/US2016/026697

WO 2016/164758

S 4 A ~R
\ h S TV
& N
RN S I SN
TS A ~
PR Ul T i T N
R "~ § ~; \
p o ; RN
o e 3 ~
K § \\
o "
o
& @ S‘ N
3 ) d
X 3 §
N, § S
3 &
& ~,
11 f
O ~ i
e, H e
M NJ“,W S
-~
o

- Mg%_ag g U w%\: mmmmmmmmm — ;
SN Vertex-ray




INTERNATIONAL SEARCH REPORT International application No.

PCT/US16/26697

A. CLASSIFICATION OF SUBJECT MATTER

IPC(8) - H01Q 3/01, 3/02, 3/18, 1/27, 15/14, 21/00 (2016.01)

CPC - H01Q 3/01, 3/02, 3/16, 1/27, 15/14, 21/00, 25/002, 25/007

According to International Patent Classification (IPC) or to both national classification and [PC

B.  FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

IPC(8) - HO1Q 3/00, 3/01, 3/02, 3/16, 3/18, 3/20, 1/28, 1/27, 5/00, 15/14, 15/16, 15/18, 15/20, 21/00 (2016.01)
CPC - H01Q 3/00, 3/01, 3/02, 3/16, 3/18, 3/20, 1/28, 1/27, 5/00, 5/50, 15/14, 15/16, 15/18, 15/20, 21/00, 25/002, 25/007

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

PatSeer (US, EP, WO, JP, DE, GB, CN, FR, KR, ES, AU, IN, CA, INPADOC Data); Google/Google Scholar; IEEE; EBSCO
Keywords used: array, antenna, trough, reflector, satellite, phased, dual, movable, wavelength

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 2,969,542 A (COLEMAN, H et al.) January 24, 1961; figure 3; column 2, lines 10-20, 55-65; |1
- column 4, lines 10-30 -
Y 2-13,17
A 14-16
Y US 6,664,939 B1 (OLINYK, M et al.) December 16, 2003; column 4, lines 1-10 2
Y EP 2 137 789 B1 (MOBILE SAT LTD) May 8, 2013; figure 10; paragraphs [0039], [0042], [0043] |3-5, 17
Y US 6,914,554 B1 (RILEY, L et al.) July 5, 2005; figure 1, 2; column 2, lines 1-23, lines 32-46 6-7
Y US 6,933,888 B1 (SCHIFFMILLER, R et al.) August 23, 2005; claim 13 8
Y US 2004/0259497 A1 (DENT, P) December 23, 2004; figure 1, 2; paragraphs [0056], [0061], 9-11

[0082)

Y US 6,320,553 B1 (ERGENE, A) November 20, 2001; figure 1, 2; column 4, lines 43-60; column  [12-13
- 5, lines 35-45 -
A 14-16

D Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L”  document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“O” document referring to an oral disclosure, use, exhibition or other
means

“P”  document published prior to the international filing date but later than

the priority date claimed

“T” later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

5 August 2016 (05.08.2016)

Date of mailing of the international search report

30AUG 2076

Name and mailing address of the ISA/

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. §71-273-8300

Authorized officer
Shane Thomas

PCT Helpdesk: 571-272-4300
PCT OSP: 571-272-7774

Form PCT/ISA/210 (second sheet) (January 2015)




INTERNATIONAL SEARCH REPORT International application No.
PCT/US16/26697

Box No. I1 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. I:] Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. D Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:
***See additional sheet™*

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. % No required addjtiona! search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

1-17

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

I:] No protest accompanied the payment of additional search fees.
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-***-Continued from Box [II: Observations where unity of invention is lacking-***-

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fee must be paid.

Group . Claims 1-17 appear to be directed towards a phased array antenna system.
Group |I: Claims 18-21 appear to be directed towards a method of decoding a receive signal.
Group HI: Claims 22-26 appear to be directed towards a method of modeling the ionosphere.

The inventions listed as Groups !-I1l do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features.

The special technical features present in Group | are at least a phased array antenna system comprising: at least one trough reflector,
each trough reflector having: at least one phased array located at a feed point of the reflector; and an array of elements located near to a
point equal to one half of a center transmission wavelength, which are not present in Groups Il & Ill.

The special technical features present in Group |l are at least a method of decoding a receive signal comprising: propagating a transmit
signal through a transmit and a receive path of a phased array to generate a coupled signal; digitizing the coupled signal; storing the
digitized coupled signal; receiving a signal from a target and using the digitized coupled signal to decode the signal from the target,
which are not present in Groups | & Il

The special technical features present in Group Il are at least aA method of modeling the ionosphere comprising: transmitting
measuring pulses from an incoherent scattering radar transmitter; receiving incoherent scatter from the transmitting; and analyzing the
incoherent scatter to determine pulse and amplitude of the incoherent scatter to profile electron number density of the ionosphere,
which are not present in Groups [ & I,

The common technical feature of Groups I-1Il are at least a phased array. This common feature is previously disclosed by US
2012/0154206 A1 (SANCHEZ). Sanchez discloses a phase array (claim 1).

Since the common technical feature was previously disclosed by Sanchez, it is not special and thus Groups I-lIl lack unity.

Form PCT/ISA/210 (extra sheet) (January 2015)
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