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Systems and Methods for Performing Synthetic Aperture Radar Imaging Using
Superchirps

FIELD OF THE INVENTION
[001] The present invention relates generally to synthetic aperture radar systems

and more specifically to space based synthetic aperture radar systems.

BACKGROUND

[002] The term synthetic aperture radar (SAR) is often used to describe radar
systems that use a moving antenna to simulate an extremely large antenna or aperture
electronically. SAR systems are often mounted to airborne or space-based platforms
and are mounted at an angle relative to the flight path of the platform to which the
antenna is mounted. A monostatic SAR utilizes the same platform for the transmitter
and receiver.

[003] The flight path of the platform on which a SAR is mounted defines the
azimuth direction with the antenna generally focused on a direction orthogonal to the
azimuth (See FIG. 1). The direction in which the antenna is directed is often referred to
as the range or slant-range. If the direction of observation is perpendicular to the
direction of travel, the system is defined as a boresight system. Otherwise it is called a
squinted system.

[004] SARs can be configured in strip map mode or spotlight mode. In strip map
mode, the SAR transmits coherent pulses in a fixed pointing direction of the radar
antenna as the platform moves. In spotlight mode, the SAR steers the radar beam to
keep a target within the beam for a longer time. As length of synthetic aperture
increases, the azimuth resolution increases. However, the area sampling rate is
reduced in spotlight mode relative to the area sampling rate of a strip map mode SAR
system that transmits over the same time period.

[005] In a SAR system, data is acquired by transmitting a radio pulse and receiving
a signal backscattered by the imaged scene. In such systems, resolution in range
increases with the bandwidth of the transmitted pulse. In many systems a frequency
modulated pulse, referred to as a chirp, that is a linear frequency sweep is utilized to

achieve high resolution without decreasing pulse duration. Chirps are interspersed with
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quiescent periods for reception. In polarimetric SAR systems, chirps are typically
transmitted with alternating polarities.

[006] In a strip map SAR system, azimuth resolution is typically dependent upon
the length (or effective dimension) of the antenna. Reducing the length of the antenna
increases azimuth resolution. Discrimination of targets based upon azimuth position is
possible due to phase variation during the observation period. When the Doppler
bandwidth is under-resolved (i.e. the pulse repetition rate is below the Nyquist rate of
the anticipated Doppler bandwidth), aliasing can occur. Formation of a synthetic
aperture without aliasing typically requires transmission of radar pulses at along track
distances equal to or less than half the length of the antenna. Accordingly, the antenna
length and the velocity of the platform to which the SAR is mounted determines a
desired pulse repetition rate of the radar system to avoid aliasing.

[007] There are two competing constraints on the pulse repetition rate of a SAR
system. On one hand, if the pulses are transmitted too frequently, then reflections from
more than one range will arrive at the receiver simultaneously, leading to range (cross-
track) ambiguity. On the other, if pulses are not transmitted frequently enough, then the
Doppler bandwidth will be under-resolved, leading to azimuth (along-track) aliasing and
ambiguity.

[008] For space-based SAR systems, orbital speed can be so high that a large
antenna is required to enable a pulse repetition rate that is sufficiently low to avoid
range ambiguity. Increasing the size of the antenna reduces azimuth resolution in strip
map mode. The decrease in resolution can be offset by operating in spotlight mode
with a consequent loss of collection area rate. Often, the resulting physical antenna is
longer than signal-to-noise considerations alone would otherwise require. The
requirement of a large antenna, coupled with typically tight antenna RF precision
requirements, typically means that either an expensive rocket with a large payload
fairing is required, or a large, high-precision structure must be unfurled in space, raising
engineering and manufacturing costs and mission risk. And indeed, space-based SAR
missions launched to date typically feature either a long, often segmented antenna, or a

large deployed parabolic dish.
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SUMMARY OF THE INVENTION

[009] Synthetic aperture radar (SAR) imaging systems that transmit repeated
waveforms based upon pseudonoise sequences to generate SAR imaging data in
accordance with various embodiments of the invention are disclosed. A synthetic
aperture radar in accordance with one embodiment of the invention includes: a
transmitter configured to transmit superchirps, where the superchirp is generated by
convolving a kernel with a pseudonoise modulated impulse sequence having a flat
power spectrum; a receiver configured to receive backscatters of transmitted
superchirps and digitize the received backscatters; and signal processing circuitry
configured to perform matched filtering on digitized backscatters.

[0010] In a further embodiment, the transmitter is further configured to transmit
superchirps of different durations.

[0011] In another embodiment, the transmitter is further configured to transmit
superchirps of different durations by transmitting superchirps that have different stretch
factors.

[0012] In a still further embodiment, the pseudorandom sequence is a quadratic
residue sequence.

[0013] In still another embodiment, the signal processing circuitry is configured to
perform matched filtering by performing channelized matched filtering.

[0014] In a yet further embodiment, the signal processing circuitry is configured to
perform channel separation of the digitized backscatters.

[0015] In yet another embodiment, the signal processing circuity is configured to
perform rolling channel separation of the digitized backscatters.

[0016] In a further embodiment again, the signal processing circuitry is configured to
perform rolling channel separation by cyclically shifting the digitized backscatters by the
ratio of a number of samples in one superchirp transmission period to the number of
channels to produce separate channels.

[0017] In another embodiment again, the signal processing circuitry is configured to
perform channelized matched filtering for each of the separate channels by utilizing
matched filters that are cyclically shifting by a number of samples in one superchirp

transmission period to the number of channels.
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[0018] In a further additional embodiment, the signal processing circuitry is
configured to perform squint processing on the digitized backscatters.

[0019] In another additional embodiment, the signal processing circuitry is configured
to perform at least one squint processing process selected from the grout consisting of:
a stretching process, and a shrinking process.

[0020] In a still yet further embodiment, the signal processing circuitry is configured
to perform periodic blanking of the digitized backscatters.

[0021] In still yet another embodiment, the signal processing circuitry is configured to
perform periodic blanking of sections of the digitized backscatters received during
transmissions by the transmitter at a peak transmission power.

[0022] In a still further embodiment again, the transmitter is further configured to
transmit superchirps on separate channels having different polarizations.

[0023] In still another embodiment again, the signal processing circuitry includes a
processor configured by software.

[0024] Another further embodiment of a synthetic aperture radar includes: a
transmitter configured to transmit superchirps of different durations, where superchirps
of different durations are generated by convolving a kernel with different quadratic
residue modulated impulse sequences that result in different stretch factors; a receiver
configured to receive backscatters of transmitted superchirps and digitize the received
backscatters; and signal processing circuitry. In addition, the signal processing circuitry
is configured to: perform squint processing on digitized backscatters of transmitted
superchirps to generate processed samples; perform rolling channel separation by
cyclically shifting the processed samples by the ratio of the number of processed
samples in one period to the number of channels to generate separate channels; and
perform channelized matched filtering on the separate channels.

[0025] In still another further embodiment, the signal processing circuitry is further
configured to perform periodic blanking.

[0026] A method of imaging using a synthetic aperture radar in accordance with an
embodiment of the invention includes: transmitting superchirps using a transmitter,
where the superchirp is generated by convolving a kernel with a pseudonoise

modulated impulse sequence having a flat power spectrum; receiving backscatters of
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transmitted superchirps using a receiver; digitizing the received backscatters using an
analog to digital converter; and performing matched filtering on the digitized
backscatters using signal processing circuitry to generate synthetic aperture radar
image data.

[0027] A further embodiment also includes transmitting superchirps of different
durations using the transmitter.

[0028] In another embodiment, matched filtering is performed by performing

channelized matched filtering.

BRIEF DESCRIPTION OF THE DRAWINGS

[0029] FIG. 1 conceptually illustrates a synthetic aperture radar.

[0030] FIGS. 2A is a time domain representations of a baseband in phase (l)
channel of one period of an ordinary linear chirp.

[0031] FIG. 2B is a 59-impulse superchirp with a stretch factor very much greater
than 1 generated in accordance with an embodiment of the invention.

[0032] FIG. 3 illustrates a constellation of imaging satellites operable to collect SAR
and communicate with a ground station in accordance with an embodiment of the
invention.

[0033] FIG. 4 illustrates a transmit and receive chain that can be implemented using
a software defined radio in accordance with an embodiment of the invention.

[0034] FIG. 5 is a flow chart illustrating a method for processing backscattered
signals received by a SAR system using rolling channel separation in accordance with
an embodiment of the invention.

[0035] FIG. 6 illustrates four consecutive receive periods and separation of the
received samples into two or three channels by cyclically shifting the received samples

in accordance with an embodiment of the invention.

DETAILED DESCRIPTION

[0036] Turning now to the drawings, synthetic aperture radar (SAR) imaging systems
that transmit repeated waveforms based upon pseudonoise sequences in accordance
with various embodiments of the invention are illustrated. The waveforms generated by

convolving pseudonoise sequences with any of a variety of kernels can be referred to
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as superchirps. A benefit of superchirps is that backscattered superchirp reflections are
amenable to channelized matched filtering, which means that the sampled received
signal can be separated into a sufficient number of channels so that a channelized
pulse repetition rate can be achieved that is higher than the transmitted pulse repetition
rate. In this way, the use of superchirps enables the construction of a transmitter that
can avoid aliasing at pulse repetition rates that are below the Nyquist rate.

[0037] In addition to performance gains through channelized matched filtering, SAR
systems that utilize superchirps can achieve transmitter and receiver isolation by
spacing transmission and reception. Blanking processes can be utilized to remove
meaningless data collected by a receiver during periods in which a transmitter is
transmitting at or near peak power. Loss of data at the ranges corresponding to these
time periods can be avoided by transmitting superchirps having different durations. In
many embodiments, the duration of the superchirp is modified using pseudonoise
sequences having different spreading factors.

[0038] Use of superchirps within a SAR system enables use of shorter antenna
lengths to increase azimuth resolution without the need to increase pulse repetition
rates to avoid aliasing in a manner that would introduce range ambiguity. In this way,
SAR systems that utilize superchirps are well suited to small platforms such as (but not
limited to) small satellites.

[0039] The nature of superchirps, the manner in which they can be generated in
accordance with various embodiments of the invention, and systems and methods for
performing SAR imaging using superchirps in accordance with a number of
embodiments of the invention are each addressed below.

Generation of Superchirps

[0040] In a number of embodiments, a superchirp signal can be generated using a
pseudonoise sequence to spread transmission over a longer time period. A
pseudonoise sequence is typically a binary sequence, which appears in a pattern that
makes it noise-like. In certain embodiments, the pseudonoise sequence has a flat
power spectrum. When a signal is convolved with a sequence with a flat power
spectrum, then deconvolution of the signal will amplify noise equally at all frequencies

because the deconvolution filter can have a flat spectrum. If a coding filter is used that
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does not have a flat spectrum, then the decoding filter typically must have a higher
response at frequencies where the coding filter has a low response, amplifying noise at
some frequencies more than others and leading to an overall loss in signal-to-noise
performance. In several embodiments, the pseudonoise sequence is a complex-valued
sequence.

[0041] In many embodiments, the pseudonoise sequence is a quadratic residue
sequence. A number n is a quadratic residue mod p if there exists a number / such that
i? = nmod p. When no such number exists then n is a quadratic non-residue mod p. All
the quadratic residues mod p can be found by taking all numbers from 0 to (p-1)/2,
squaring them, and taking the result mod p. When p is a prime number, there are (p-
1)/2 quadratic residues and (p-1)/2 quadratic non-residues. A binary sequence, often
referred to as a Legendre sequence, can be created based upon whether a number is a
quadratic residue or a quadratic non-residue. In several embodiments, Legendre
sequences are utilized as pseudonoise sequences for the purposes of generating a
superchirp. The XOR addition of a Legendre sequence with a cyclically shifted replica
of itself leads to another set of pseudonoise sequences referred to as Weil sequences.
In a number of embodiments, Well sequences are utilized as stretching sequences. In
other embodiments, any of a variety of techniques can be utilized to generate a
pseudonoise sequence for use as a stretching signal in accordance with the
requirements of a given application including (but not limited to) periodic pseudonoise
sequences including maximal length codes, or Walsh-Hadamard codes, and/or
periodically-repeated random sequences.

[0042] In several embodiments, a pseudonoise sequence is selected so that the
sequence results in the integral of a Dirac impulse in a uniformly-spaced finite sequence
of such impulses. The pseudonoise sequence is convolved with a kernel of finite
bandwidth, with appropriate apodization, to produce one period of a baseband
modulation pattern. The kernel can effectively have any desired bandwidth and
temporal roll-off characteristics. In several embodiments, a kernel is utilized that can be
a Sinc function raised to any power (including to the power of 1), or a truncated
Gaussian kernel, or even shorter linear FM chirps or Barker code patterns (the latter two

involving addition of a preprocessing range compression step to the return signal



WO 2018/165479 PCT/US2018/021618

processing chain). As can readily be appreciated, the specific kernel function largely
depends upon the requirements of a given application. In many applications, the
baseband modulation pattern must be of finite bandwidth due to regulatory and/or
hardware constraints.

[0043] The product of the impulse spacing and the bandwidth of the superchirp can
be referred to as the stretch factor. In many embodiments, a stretch factor greater than
or equal to one (1) is utilized. A stretch factor of exactly one (1) implies Nyquist-rate
sampling. Stretch factors greater than one (1) leave lulls in transmitted power during
which the system can receive RF reflections without significant crosstalk. Increasing
the stretch factor reduces the crosstalk isolation requirement, but comes at a cost to
either average or peak power, since the length of the code is shorter (for a given total
period length). The stretch factor is, therefore an adjustable parameter. In many
embodiments, a stretch factor is utilized that is as close to 1 as practicable within the
crosstalk limits of the system. As can readily be appreciated, any stretch factor
appropriate to the requirements of a given application can be utilized in accordance with
various embodiments of the invention.

[0044] In many embodiments, the superchirp described above is generated as a
baseband 1/Q signal by a signal generator, such as a software-defined radio or a
hardware-defined radio. The baseband signals can be modulated onto a carrier
frequency for transmission. Alternatively, the superchirp may be generated at an
intermediate frequency and mixed to a carrier frequency for transmission. The
superchirp period is selected to be long enough to cover the entire illuminated area at
least once so as to eliminate range ambiguity. It may or may not be sufficient to prevent
Doppler aliasing depending upon geometric and RF parameters. However, as is
discussed further below, the properties of superchirps enable channelized matched
fitering that can achieve a channelized repetition rate sufficient to prevent Doppler
aliasing.

[0045] Referring to FIGS. 2A and 2B, time domain representations of a baseband in
phase (I) channel of one period of an ordinary linear chirp shown in FIG. 2A is
compared to a 59-impulse superchirp with a stretch factor very much greater than 1 in
FIG. 2B.
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[0046] While various superchirp signals are described above, any of a variety of
signals having a pseudonoise or random-modulated impulse train convolved with one or
more finite-bandwidth kernels can be utilized as appropriate the requirements of
particular applications in accordance with various embodiments of the invention. In
addition, several embodiments generate superchirps by convolving a pseudonoise
sequence with multiple kernels at different center frequencies. SAR systems that utilize
superchirps and systems for processing imaging data obtained by such SAR systems in

accordance with various embodiments of the invention are discussed below.

SAR SATELLITE SYSTEMS

[0047] Superchirp signals are particularly useful in SAR systems in which a small
antenna is desirable. In many embodiments, small SAR imaging satellite systems are
implemented that include a constellation of satellites, at least one of which includes a
SAR system that utilizes superchirps and can operate in strip map and/or spotlight
modes. In many instances, such satellite constellations can be used to aggregate SAR
image data that can eventually be accessed by client devices. The satellites can
interface with terrestrial systems to relay image data in any of a variety of
configurations. Thus, for instance, FIG. 3 illustrates an imaging satellite system —
whereby at least one satellite includes a SAR system that utilizes superchirps, and
operable to image in strip map and/or spotlight modes — that interfaces with a single
ground station. In particular, FIG. 3 illustrates a constellation of satellites operable to
collect SAR data including (but not limited to) image data and/or raw or compressed
SAR phase history data. The particulars of implementing SAR systems that utilize
superchirps will be discussed in greater detail in subsequent sections. Any of a variety
of satellite classes can be implemented in accordance with embodiments of the
invention. For example, in many embodiments, small satellites are implemented. In a
number of embodiments, more conventional satellites are implemented.

[0048] FIG. 3 illustrates that the constellation of satellites interacts with at least one
Ground Station. Thus, for instance, the constellation of satellites can relay acquired
imaging data as well as respective positioning information to the Ground Station. The at
least one Ground Station can be used to communicate with the constellation of satellites

generally, and more specifically to control the trajectory and operation of the various

9-
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satellites within the constellation. Thus, for example, FIG. 3 illustrates that a Mission
Control center can be used to interact with the at least one Ground Station and thereby
control the operation of the constellation of satellites. Mission Control can be in wireless
communication with the Ground Station or in wired communication with the Ground
Station. In many embodiments, optical links and/or optical crosslinks are utilized to
connect to the at least one Ground Station to facilitate high speed data transfer.

[0049] The Ground Station can also serve to relay received SAR data to a SAR data
database. As before, the Ground Station can be in wired and/or wireless communication
with the servers that ingest data into the SAR data database. The SAR image data
database can then store the SAR data for subsequent use. For instance, the SAR data
can be retrieved and processed by a server system that provides access to the SAR
data to any of a variety of client applications, e.g. via the Internet. While the accessing
of SAR data over the Internet is depicted, it should be clear that SAR data can be
accessed via any suitable network. For example, in some instances, it can be accessed
over a local area network. As can be appreciated, all data communications can be
encrypted for security.

[0060] The above description provides a number of examples of SAR satellite
systems that utilizes superchirps. But it should be appreciated that such systems can be
implemented in any of a variety of configurations. For example, in many embodiments,
multiple ground stations can be utilized to interface with the constellation of satellites.
For instance, the multiple ground stations can be located around Earth. In many
embodiments, the satellites within the constellation are operable to form a mesh
network, whereby the satellites can communicate with each other. Thus, for example,
satellites can relay data to one another, and also to a Ground Station. This configuration
can allow a satellite to relay image data to a Ground Station even if the Ground Station
is not within a line of sight of a satellite. By way of example, the satellite can relay SAR
data to a second satellite that is within line of sight of the Ground Station, and the
second satellite can thereafter relay the SAR data to the target Ground Station.
Similarly, a Ground Station can communicate with a satellite that it does not have direct
line of sight to using the mesh network. In this way, a mesh network can allow for

operation using relatively fewer ground stations (e.g. since the satellites can function as
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communication relays). In certain embodiments, the satellites maintain an onboard
collection of previous coherent or incoherent imagery of areas of interest and are able to
process and compare the new imagery on board the satellite (in many instances without
intervening ground support or ground processing). The satellites can then transmit
smaller quantities of information, such as changes that appear to be significant, to the
ground and/or to other satellites via the ground or mesh network, where time-sensitive
response would be desired, such as for cueing purposes. Naturally, this could happen
separately from, or in addition to, downlinking of other kinds of SAR data.

[0051] While a particular configuration has been illustrated, and variants have been
discussed, it should be clear that any suitable system for implementing a constellation
of satellites that include at least one SAR system, which utilizes superchirps, can be
implemented in accordance with many embodiments of the invention. Implementations

of SAR systems that utilize superchirps are discussed in greater detail below.

SAR Systems

[0062] SAR systems in accordance with various embodiments of the invention can
utilize a number of different implementations for generating superchirps and receiving
reflections of the transmitted superchirps backscattered by objects within a scene. In
many embodiments the SAR system is implemented using an FPGA. In certain
embodiments, the FPGA forms part of a software defined radio system. A software
defined radio is a radio system where components that have traditionally been
implemented in hardware (e.g. mixers, filters, amplifiers, modulators/demodulators,
detectors, etc.) are instead implemented by means of software on a signal processing
system. A typical software defined radio includes: a digital signal processing system,
which is at least one processor configured by a digital signal processing software
application; an analog-to-digital converter;, and a digital-to-analog converter.
Advantages of using software defined radios to implement SAR systems in accordance
with various embodiments of the invention include (but are not limited to) the flexibility to
use software to transmit different superchirp signals as discussed further below. The
processor can take the form of an FPGA and/or a microprocessor. In a number of

embodiments, the SAR system is configured to modify the transmitted superchirps

-11-
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based upon factors including (but not limited to) changes in the look angle of the radar,
speed of the platform on which the radar is mounted, and/or altitude of the platform on
which the radar is mounted. In several embodiments, the properties of the transmitted
superchirp continuously varies during the orbit of a space-based platform. In several
embodiments, as the orbit changes as well as during variations due to oblateness of
Earth, gravitational inhomogeneity orbital eccentricity, and/or elevation, the superchirp
variable spacing is adjusted to maintain unblanked coverage over the illuminated area.
[0053] A transmit and receive chain that can be implemented using a software
defined radio in accordance with an embodiment of the invention is illustrated in FIG. 4.
Both the transmit chain and the receive chain rely upon the ability of the SAR system
400 to generate a stable carrier signal. In the illustrated embodiment, a reference signal
402 that has a stable frequency is utilized to drive a local oscillator circuit 404. The
local oscillator circuit 404 provides a sinusoidal carrier frequency to both the transmit
and receive chains. The reference signal is also utilized to generate the baseband
superchirp signal using a waveform generator 406. The baseband superchirp signal
generated by the waveform generator 406 is mixed with the carrier frequency by a mixer
408 and the resulting RF signal is amplified by an RF amplifier 410 for transmission via
an antenna system (not shown).

[00564] In the illustrated embodiment, the SAR system is monostatic and the antenna
system also receives backscatters of the transmitted superchirps. In many
embodiments, a bistatic or multistatic implementation can be utilized in which the Tx
and Rx portions of the circuity would be separated with due care taken to match the
frequency and timing of the reference signals utilized by each circuit. The received
backscattered signals are amplified using a low noise amplifier 412 and the amplified
signal is down mixed to baseband or an intermediate signal using a mixer 414 and the
reference signal. The downmixed signal can be digitized using an analog-to-digital
converter 416. The digitized data can then be processed in real time within the SAR
imaging platform using a processing system 418 and/or stored in a storage device 420
for transmission via a downlink. In certain embodiments, the processing system is an
FPGA and/or an alternative form of application specific circuit. In a number of

embodiments, the processing system is a computing system including at least one
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processor and a set of machine readable instructions stored in memory that configure
the processor to execute instructions to process the digitized signals received by the
SAR system. The manner in which backscattered superchirps are processed is
discussed further below.

[0065] While a variety of implementations of SAR systems that utilize superchirps
are described above with reference to FIG. 4, any of a variety of hardware and/or
software implementations can be utilized to implement a SAR system as appropriate to
the requirements of a given application in accordance with various embodiments of the
invention. For example, a SAR system that utilizes superchirps can be implemented
using a high speed digital-to-analog converter that directly generates the transmitted
superchirp signal without the need for up mixing to a carrier frequency. Similarly,
received backscattered signals can be directly digitized using a high sample rate
analog-to-digital converter without the need to down mix the received signals. The
processing of received signals in a SAR system that utilizes superchirps in accordance

with various embodiments of the invention is discussed further below.

Processing Received Superchirps

[0056] The manner in which received superchirp signals are processed can depend
upon the pulse repetition rate. When the pulse repetition rate exceeds the Nyquist rate
(i.e. the pulse repetition rate is sufficiently high so as to avoid aliasing), the digitized
backscattered signals can be processed in a conventional manner using any of a variety
of matched filter implementations appropriate for use in a SAR system. When the pulse
repetition rate is below the Nyquist rate, SAR systems in accordance with many
embodiments of the invention utilize rolling channel separation in the receiver to avoid
aliasing in the received signals. In other embodiments, a certain amount of aliasing in
the received signal is tolerated through the use of filtering.

[0067] A method for processing backscattered signals received by a SAR system
using rolling channel separation in accordance with an embodiment of the invention is
illustrated in FIG. 5. The process 500 includes receiving (502) raw in phase and
quadrature samples. Crosstalk from intervals of peak transmit power are blanked out

(504), followed by auto-focusing (506). Use of blanking to avoid crosstalk is discussed
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further below. Auto-focusing typically refers to the alignment of samples taken during
successive receive periods to account for changes in range to a target. In many
embodiments, auto-focusing is performed iteratively as part of the processing of the
received backscatters. When the SAR system is side-looking some manner of squint
preprocessing may be utilized. Many conventional SAR systems rely upon an
assumption that targets do not move appreciably during a single chirp period. When a
SAR system transmits a superchirp in accordance with any number of different
embodiments of the invention, the assumption of effectively stationary targets may no
longer hold. Indeed, a target may move 2n or more in phase during a single superchirp
transmission period. Accordingly, roll-off and nulls may be observed at certain azimuth
angles, even in boresight systems. To balance expected amplitude azimuthally, SAR
systems in accordance with many embodiments of the invention preprocess received
samples to stretch or shrink or frequency-shift the data as necessary, rotating (508)
each applicable squint angle to boresight for processing and recombining.

[0058] As mentioned above, the pulse repetition rate may not be high enough to
avoid aliasing of the Doppler bandwidth. To avoid aliasing, the method 500 utilizes
rolling channel separation (510). The transmitted waveform can be divided into two or
more separate channels, allowing multiple temporally-overlapping superchirp
backscatters to be processed in parallel. By offsetting the receive channels in time, the
effective pulse repetition rate is multiplied by the number of channels, at a proportionate
cost to signal-to-noise ratio. This process may also introduce a slight noise correlation.
In this way, the antenna may be shortened in the along-track direction, making the
beam wider. Under strip map collection, where the along-track resolution is proportional
to the width of the beam, there is a corresponding increase in resolution. This is a
significant improvement because strip map mode affords both simplicity and a high area
collection rate compared to spotlight mode. The use of rolling channel separation in
accordance with various embodiments of the invention is discussed further below.
[0069] Separate matched filters, which can be derived from the single channel
matched filter, are applied (512) to each channel to generate an output based upon the
samples within the channel during each receive time period. The matched filter

indicates the presence of a reflection of a transmitted superchirp in the received signal.
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As can readily be appreciated the timing and/or phase at which the matched filtered
outputs indicates the presence of a backscattered reflection provides information
concerning the range and/or range rate of the object responsible for the backscattered
reflection. After channelized matched filtering, the data look like any other match-
filtered SAR return and may be azimuth-processed with conventional techniques such
as polar reformatting. The specific azimuth processing utilized within a SAR system
typically depends upon the requirements of a given application and can include (but is
not limited to) subaperture processing, incoherent stacking (e.g. to reduce speckle)
and/or separation into short temporal sequences (e.g. to understand motion in the
image) in accordance with various embodiments of the invention.

[0060] While specific processes are described above with reference to FIG. 5, any of
a variety of techniques for channelizing the received returns and performing
channelized matched filtering can be utilized as appropriate to the requirements of
specific applications in accordance with various embodiments of the invention. A
number of processes that can be utilized to perform channel separation in accordance

with various embodiments of the invention are discussed further below.

Channel Separation

[0061] Channel separation is performed in the received signal. Additional transmit
channels may also be utilized within the system (e.g. polarimetry). However, the
system need not utilize separate transmit channels. The received waveform may be
divided into any number of channels so long as that number remains small compared to
the number of Nyquist rate samples per superchirp period. When the single-channel
superchirp does not adequately sample the Doppler bandwidth and would otherwise
result in aliasing, the channel separation can result in a channelized pulse repetition
rate at or above the Nyquist rate, making non-aliased image reconstruction possible
[0062] Because reflection convolves the transmitted waveform with the scene, the
Fourier convolution theorem implies that orthogonality can only be achieved by ensuring
that the frequency-space support of each channel is nonzero only on a unique, non-
overlapping domain. There are many ways this requirement might be satisfied; SAR

systems in accordance with many embodiments of the invention satisfy it by dividing the
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domain into an integer number of offset frequency combs, of spacing equal to the
number of channels. Each comb then gives the spectral content for its associated
channel, but is correspondingly undersampled in frequency, leading to aliasing in time.
However, linear combinations of the undersampled orthogonal channels yield the
required number of correctly-sampled channels.

[0063] In certain embodiments, the SAR system utilizes a process that forms linear
combinations of the undersampled orthogonal channels by performing a rolling channel
separation process that cyclically shifts both the transmitted waveform and the matched
filter by the ratio of the number of samples in one period to the number of channels.
FIG. 6 illustrates four consecutive receive periods and separation of the received
samples into two or three channels by cyclically shifting the received samples. With an
arbitrary number of channels N, each piece of data is used in N different places, which
can lead to noise correlations.

[0064] The pseudonoise property of the underlying waveform is what makes possible
the separation of the received signal into separate channels using cyclical shifting. The
transmitted superchirp has no unique center the way an ordinary chirp would, so any
period-length sample is equivalent in terms of its transmitted and received power, and
also has the same spectrum, making it equally suitable for matched filtering. Note that
care must be taken regarding integer divisibility of the individual periods.

[0065] While various channel separation processes are described above with
reference to FIG. 6, any of a variety of channel separation processes can be utilized to
perform channelized matched filtering of backscattered superchirps as appropriate to
the requirements of specific applications in accordance with various embodiments of the
invention. For example, a set of scrambling processes and/or any other appropriate
processes can be utilized to produce a set of orthogonal channels. The role that the
stretch factor of the superchirps can play in cross-talk suppression in SAR systems
implemented in accordance with many embodiments of the invention is discussed

further below.
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Reducing Cross-talk

[0066] When sufficient Tx/Rx isolation can be achieved solely by physically spacing
out the transmitter and receiver, or by careful RF engineering, then the superchirp
would operate at a stretch factor of 1.0 (full duplex) to minimize the maximum power to
average power ratio. However, such isolation is difficult to achieve in a monostatic
system in practice, particularly from space, where the required transmitter power can be
on the order of kilowatts. When full duplex operation of a SAR system is not possible,
increasing the stretch factor beyond 1.0 leaves regular lulls in transmission power
during which the receiver may operate without significant interference. The receiver
may be protected during peak transmission power by, for example, a circulator or RF
switch, or by physical separation, or by active cancellation, or by a combination of
several such elements. With such protection measures in place, the value of the
received signal during periods of peak transmitter power is not expected to be
meaningful, and so its influence can be removed during signal processing.

[0067] To perform this removal, prior to matched filtering, the returned signal sample
amplitude can be multiplied by a periodic function which reaches zero (0) during periods
of peak transmit power and one (1) during lulls. In several embodiments, a sinusoidal
function is utilized. In other embodiments, any of a variety of functions including (but
not limited to) a smoothed square wave, and/or a sinusoidal function raised to a power
greater than one (1) are utilized. The removal of samples corresponding to periods of
peak transmitter power from the matched filter input has the unfortunate side-effect of
zeroing out targets at ranges whose round-trip time coincides with an integer number of
impulse periods; these appear as blank rows in range. To fill in the gaps, the round-trip
interval between transmit and receive can be varied by one half impulse-spacing. Such
adjustment can be achieved in a variety of ways. In several embodiments, the variation
in impulse-spacing is accomplished by slightly increasing the stretch factor of the
superchirp in every other period and/or gradually over a number of periods. The
minimum pulse repetition frequency is increased in such a system to avoid aliasing; the
channel count may be increased as necessary. In addition, the receiver process is
configured to modify the matched filters utilized to perform channelized matched filtering

as appropriate to the change in the stretch factor of the superchirp. Alternatively, simply
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accepting zeroed-out alternate rows may be sufficient for some applications.

Adaptations for Polarimetry

[0068] When quad polarimetry is desired, then SAR systems implemented in
accordance with various embodiments of the invention can transmit two different
polarizations. This may be effected by separating the transmitted waveform into two
orthogonal channels as described earlier, and then transmitting each simultaneously
and/or by alternating polarities. The received signal may then be further subdivided into

additional channels as necessary.

Data Compression

[0069] In addition to common SAR data compression techniques, blanking and pre-
channelization processing offer opportunities to reduce the downlinked data volume, as
blanked regions contain little to no valuable signal information, and channelization
would otherwise introduce redundant information. The system exploits these

economies.

Application to Other Kinds of Pulse-Doppler Radar

[0070] SAR is not the only pulse-Doppler radar technique in which superchirps
and/or channelized matched filtering can be utilized. Pulse-Doppler radar systems that
utilize superchirps and/or channelized matched filtering can include (but are not limited
to) ship, ground, aircraft, planetary defense radar, and/or any other radar where both
long range (distance) and a large variety of resolvable speeds are desirable.

[0071] Although the description above contains many specificities, these should not
be construed as limiting the scope of the invention but as merely providing illustrations
of some of the presently preferred embodiments of the invention. Various other
embodiments are possible within its scope. Accordingly, the scope of the invention
should be determined not by the embodiments illustrated, but by the appended claims

and their equivalents.
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WHAT IS CLAIMED IS:

1. A synthetic aperture radar, comprising:

a transmitter configured to transmit superchirps, where the superchirp is
generated by convolving a kernel with a pseudonoise modulated impulse sequence
having a flat power spectrum;

a receiver configured to receive backscatters of transmitted superchirps and
digitize the received backscatters; and

signal processing circuitry configured to perform matched filtering on digitized

backscatters.

2. The synthetic aperture radar of claim 1, wherein the transmitter is further

configured to transmit superchirps of different durations.

3. The synthetic aperture radar of claim 2, wherein the transmitter is further
configured to transmit superchirps of different durations by transmitting superchirps that

have different stretch factors.

4. The synthetic aperture radar of claim 1, wherein the pseudorandom

sequence is a quadratic residue sequence.
. The synthetic aperture radar of claim 1, wherein the signal processing
circuitry is configured to perform matched filtering by performing channelized matched

filtering.

6. The synthetic aperture radar of claim 5, wherein the signal processing

circuitry is configured to perform channel separation of the digitized backscatters.

7. The synthetic aperture radar of claim 6, wherein the signal processing

circuity is configured to perform rolling channel separation of the digitized backscatters.
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8. The synthetic aperture radar of claim 7, wherein the signal processing
circuitry is configured to perform rolling channel separation by cyclically shifting the
digitized backscatters by the ratio of a number of samples in one superchirp

transmission period to the number of channels to produce separate channels.

9. The synthetic aperture radar of claim 8, wherein the signal processing
circuitry is configured to perform channelized matched filtering for each of the separate
channels by utilizing matched filters that are cyclically shifting by a number of samples

in one superchirp transmission period to the number of channels.

10. The synthetic aperture radar of claim 1, wherein the signal processing

circuitry is configured to perform squint processing on the digitized backscatters.

11.  The synthetic aperture radar of claim 10, wherein the signal processing
circuitry is configured to perform at least one squint processing process selected from

the grout consisting of: a stretching process, and a shrinking process.

12.  The synthetic aperture radar of claim 1, wherein the signal processing

circuitry is configured to perform periodic blanking of the digitized backscatters.

13. The synthetic aperture radar of claim 12, wherein the signal processing
circuitry is configured to perform periodic blanking of sections of the digitized
backscatters received during transmissions by the transmitter at a peak transmission

power.

14. The synthetic aperture radar of claim 1, wherein the transmitter is further

configured to transmit superchirps on separate channels having different polarizations.

15.  The synthetic aperture radar of claim 1, wherein the signal processing

circuitry includes a processor configured by software.
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16. A synthetic aperture radar, comprising:

a transmitter configured to transmit superchirps of different durations, where
superchirps of different durations are generated by convolving a kernel with different
quadratic residue modulated impulse sequences that result in different stretch factors;

a receiver configured to receive backscatters of transmitted superchirps and
digitize the received backscatters; and

signal processing circuitry configured to:

perform squint processing on digitized backscatters of transmitted
superchirps to generate processed samples;

perform rolling channel separation by cyclically shifting the processed
samples by the ratio of the number of processed samples in one period to the
number of channels to generate separate channels; and

perform channelized matched filtering on the separate channels.

17.  The synthetic aperture radar of claim 16, wherein the signal processing

circuitry is further configured to perform periodic blanking.

18. A method of imaging using a synthetic aperture radar, comprising:

transmitting superchirps using a transmitter, where the superchirp is generated
by convolving a kernel with a pseudonoise modulated impulse sequence having a flat
power spectrum;

receiving backscatters of transmitted superchirps using a receiver,

digitizing the received backscatters using an analog to digital converter; and

performing matched filtering on the digitized backscatters using signal processing

circuitry to generate synthetic aperture radar image data.

19. The method of claim 18, further comprising transmitting superchirps of

different durations using the transmitter.

20. The method of claim 18, wherein matched filtering is performed by

performing channelized matched filtering.
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