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ABSTRACT

Synthetic Aperture Radar (SAR) is by now a mature remote sensing technique to obtain spatially-resolved radar
measurements of terrain. Currently, SAR image data are readily available from an ever-expanding multitude of SAR
satellites in Earth orbit. Many spaceborne SAR systems currently in use or planned for the near-term are multi-
functional: their designs tend to maximize the menu of image modes available to the end user. They also follow
fairly conventional design principles, laid down decades ago, that lead almost inevitably to large antennas and even
larger spacecraft. This raises the question: how does one go about designing a SAR system that fits in a Smallsat
(<200 kg) form factor?

The design principles for Smallsat SARs outlined in this paper have been developed over a twenty-year period in
architecting Earth-orbiting SARs such as NASA/JPL’s NISAR and ESA’s Biomass mission, as well as planetary
SAR mission concepts. Example mission concepts following this approach will be presented at the end of the paper.
These include an S-Band Smallsat geodetic constellation to measure surface deformation, as called for by the 2018
National Academy Decadal Survey for Earth Observation from Space. Another example is a Ka-band cubesat-sized

system designed to detect changes on Earth’s surface.

INTRODUCTION

Many would consider this a golden age for Synthetic
Aperture Radar. There are multiple civil-use SAR
systems currently in Earth orbit, with several being the
second or third generation of their kind. SAR images
appear everywhere, used in a wide variety of
applications from oceanography to forestry, agriculture
and disaster response. Data are available from a wide
range of systems developed by space agencies around
the world. The European Space Agency’s Sentinel-1a
and -1b', launched in 2014 and 2016 continue a long
series of C-Band SAR observations begun by ERS-1 in
1991, followed by ERS-2? in 1995 and then the ASAR
on board Envisat’ in 2002. The Canadian Space
Agency’s Radarsat-2*, still operating more than 10
years after its launch in 2007, is expected to be
superseded by the Radarsat constellation’ in 2018.
Radarsat-2 itself continues a series of C-Band SAR
observations begun by Radarsat-1° in 1995. The
German Space Agency’s TerraSAR-X’ and Tandem-X*
satellites, launched in 2007 and 2010, have generated
very precise digital topographic maps using X-Band
SAR interferometry®. The Spanish government
launched a clone of TerraSAR-X — the PAZ SAR
mission'” - in February 2018. The Korean Kompsat-5,
launched in 2013, carries an X-Band SAR'. The Italian
Space Agency’s COSMO/Skymed'* constellation of
four X-Band SAR satellites was launched from 2007 to

2010, and is still operational. The Indian Space
Agency’s RISAT-1 C-Band SAR" was launched in
2012, joining their X-Band RISAT-2 SAR satellite'*
launched in 2009. The Japanese Space Agency began
observing the Earth using L-Band SAR in 1992 with
JERS-1", followed by PalSAR onboard ALOS-1 in
2006, then ALOS-2'® in 2014. The Argentinian Space
Agency plans to launch two L-Band SAR satellites
called SAOCOM-1 and -2'7 in 2018 and 2019. The UK
Space Agency, in partnership with Surrey Space
Technology Limited, has developed an S-Band SAR
called NovaSAR-S'®, with plans to launch in 2018.

What do all these spaceborne SAR systems have in
common? All (with the exception of RISAT-2) have
planar array antennas, often with electronic beam
steering to provide multiple look directions. All are
multi-mode radars, with high, medium and low spatial
resolution options, wide and narrow swaths, diverse
combinations of polarizations, some exotic modes such
as Spotlight for enhanced along-track resolution, and
even split antenna modes for moving target
discrimination. Second or third generation Earth-
orbiting SAR satellites tend to have more modes added;
Radarsat-2 for example advertises 20 imaging modes,
whereas Radarsat-1 had just 6. The Envisat SAR had a
total of 11 different imaging modes (including multiple
polarization options), whereas ERS-1 had only 2. These

Freeman

32" Annual ATAA/USU
Conference on Small Satellites



SAR systems also tend to follow design principles laid
out in the frequently cited 1991 reference work by
Curlander and Mcdonough'’.

So what will the next generation of spaceborne SARs
be like? Some SAR designers are pursuing a path
towards ever more complex systems, with even more
modes, using techniques such as MIMO-SAR® and
TOPSAR?' that subdivide the antenna and generate
multiple waveforms to stretch the bounds of what is
possible for a SAR to do®. Actively steered phased
array antennas, with complex beam steering networks
and exquisitely designed timing sequences are integral
to such designs.

In the US, the Earth Science community recently
expressed its needs for SAR measurements over the
next ten years in a decadal survey released by the
National ~Research Council®. That document,
commonly referred to as ESAS 2017, identifies a need
for more rapid revisit times to coherently monitor
surface deformation on the Earth’s surface, at intervals
much less than current SAR satellites provide (less than
one week, and as frequent as daily). Coherency from
measurement to measurement is key: and can only be
achieved using near-identical SAR systems flown in
near-identical orbits. But to make such measurements
by deploying constellations of large SAR platforms is
prohibitively expensive: they may be more affordable if
Smallsat SAR solutions can be found. So how does one
go about designing a science-capable SAR system that
fits in a Smallsat (<200 kg) form factor?

To reduce the size of a Synthetic Aperture Radar sensor
and flight system, the first priority is to diminish the
size of the antenna to the smallest possible dimensions.
In an earlier paper”, “The Myth of the Minimum SAR
Antenna Area Constraint”, the author and colleagues
showed how smaller antennas than conventional
approaches can be used in SAR design and still achieve
reasonable performance. Resources other than volume
are also often tightly constrained on Smallsat missions:
available power, thermal control, and data rates for
example. Rules of thumb can be used to govern the
selection of the radar sensor parameters so that these
resources are not over-taxed. Innovation is achieved
through the application of such constraints in
architecting the Smallsat SAR, which tends to result in
lower costs.

This paper defines an alternative approach to the design
of the next generation of SAR systems, one that stresses
simplicity over complexity, starts from mission
objectives before defining the system capabilities, and
applies constraints that tend to reduce other factors that
drive cost, such as mass, power usage, and data rates.

The design principles that flow from this approach are
defined in this paper. Following this design philosophy,
the application of the synthetic aperture technique is not
central to the observation methodology, it is merely one
element of the observing system design. It may not
always even be necessary to form what most people
would think of as an image when using the SAR
technique. The next generation of Synthetic Aperture
Radars may then be called simply radar sensors, in the
same way that digital cameras with CMOS detectors are
known simply as digital cameras.

As examples of where this design philosophy can lead,
few are probably aware that the NASA/JPL Soil
Moisture Active-Passive (SMAP) mission, launched in
2015, flew a circular scanning radar that sharpened up
its spatial resolution using synthetic aperture
processing™. It is perhaps more widely known that the
Cryosat-2 radar altimeter sensor launched in 2010
employs a SAR mode known as Delay-Doppler
altimetry to improve its along-track spatial resolution™.
Similarly, NASA/JPL’s SWOT radar altimeter sensor
will provide improved altimeter spatial resolution by
combining interferometry with the synthetic aperture
technique®’. All three of these examples are focused on
a quite specific set of science objectives.

This paper is organized to contrast the traditional
approach to SAR design with the more unconventional
approach preferred by the author. Example use cases
that apply the Design Principles are described towards
the end of the paper.

THE TRADITIONAL APPR OACH TO SAR
DESIGN

Most traditional SAR designs start through the
definition of a side-looking, stripmap SAR mode that
can achieve the highest desired spatial resolution (/x
and !y), while providing the widest possible swath
width (W,), over a range of incidence angles (") that
provide significant (and meaningful) radar backscatter
return (# or #’). The geometry is illustrated in Figure 1.
For stripmap SAR, the best-case along-track spatial
resolution is given by the well-known expression:

8x > L,/2 (1)

where L, is the physical length of the SAR antenna in
the along-track dimension. Maximizing the swath
covered at this resolution, while avoiding undesirable
ambiguous echoes, gives rise to the well-known
constraint on SAR antenna area:
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where W, is the antenna width in the across-track
dimension, ¥ is the speed of the platform, ¢ is the speed
of light, R, is the range to the center of the swath, and
K is a safety factor to build margin into the design,
usually set in the range 1-3. For a spaceborne SAR, the
orbital altitude defines the platform speed ¥, and once
the incidence angle is selected that determines R,,. The
wavelength is usually chosen for sensitivity to
variations in surface phenomena that provide meaning,
e.g. soil moisture in the case of L-Band ($~ 24 c¢cm), or
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Figure 1: Simplified illustration of the geometry for
a sidelooking spaceborne SAR, with some key
parameters indicated on the sketch.

ocean surface waves in the case of C-Band (A ~ 6 cm)
or shorter wavelengths. The SAR designer’s degrees of
freedom following equations (1) and (2) are therefore
tightly constrained, and most spaceborne SAR antenna
designs end up being fairly long (between 5 and 15 m)
in the along-track dimension and short in the across-
track dimension (between 0.8 and 2 m).

Another factor in setting the antenna dimensions is
imposed by a requirement to have adequate Signal-to-
Noise ratio (SNR). For a given # it can easily be
shown that the SNR has an upper bound'”:
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where P, is the peak transmit power, % is the duration
of the transmitted pulse, and B, is the noise bandwidth
of the radar receiver. These three parameters can be
highly constrained, so to achieve a reasonable SNR the
SAR designer is often forced towards an antenna
solution with relatively large L, and W, values.

Once the antenna has been sized for the stripmap mode,
if the SAR has a phased array antenna other modes are
then often incorporated that take advantage of adaptive
beam steering: Spotlight mode for higher along-track
spatial resolution at the expense of along-track swath
extent; ScanSAR or TOPSAR modes for wider swath
coverage at the expense of coarser along-track spatial
resolution. In some SAR systems the antenna is sub-
divided to generate images of the same scene separated
by milliseconds in time to characterize motion within
the scene. Polarization diversity (e.g. HH or VV, HH
and HV) may be incorporated if the antenna and
receiver chain supports acquisition of radar returns in
more than polarization configuration. [Polarization
diversity makes the radar data easier to interpret for
some applications and is therefore added to provide
more information content about the scene.] Thus fairly
conventional stripmap SAR designs with a planar,
phased array antenna can be (and very often are)
adapted to support many different modes of operation.

A NON-CONVENTIONAL APPROACH TO SAR
DESIGN

A) Minimize the Antenna Length

In an earlier paper™, it was shown that equation (2) is
really a ‘soft’ constraint, one that only strictly applies
when the SAR designer seeks at the same time to both
minimize the along-track resolution /x and maximize
the swath width W, for which data are collected. In
cases where coarser spatial resolutions and narrower
swath widths are acceptable, shorter SAR antennas are
not only possible but have been flown in space. In fact
the fundamental constraint can be expressed as:

Wy !
—Z < —
ox 2VI'#

“4)

which does not include the antenna dimensions at all.
[Hence the title of that reference: “The Myth of the
SAR Minimum Antenna Area Constraint”.]

A key insight from® is that one can design SARs that
transmit pulses at Pulse Repetition Frequencies (PRFs)
smaller than the Doppler bandwidth Bp, provided it is
possible to relax the spatial resolution and/or swath
width. The Doppler bandwidth is the spread of Doppler
frequencies seen in the radar returns by a SAR in side-
looking geometry, within the limits of the terrain

illuminated by the SAR antenna. It is usually
approximated by:
L pl= 2V /L, %)

an expression that conventional SAR designs often use
as a lower limit on the PRF. A shorter antenna length Z,
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tends to increase the Doppler Bandwidth, which
increases the required PRF value.

The implications of using a smaller PRF than suggested
by (5) were reported in [Freeman, 2006]* and are
illustrated in Figure 2, in which the strength of the
ambiguous echoes in the along-track direction (the
Signal-to-Azimuth Ambiguity ratio in dB) is plotted for
a range of PRFs smaller than Doppler bandwidth Bp,
against the fraction of the available bandwidth used in
processing. This result is plotted for a uniformly fed
planar array antenna, but is easily extended to other
antenna configurations. To illustrate how the SAR
designer might use this result, consider the case when
the PRF is set at 85% of Bp. Figure 2 shows that
reasonable azimuth ambiguity levels of < -23 dB can
still be obtained if only 40% of the available bandwidth
is used in SAR processing (azimuth compression). This
means that the best achievable along-track resolution is
now no longer the L,/2 limit given in (1), but it is
degraded by a factor (0.85%0.4)=0.34. For the case
where L,=5m, for example, the best achievable along-
track resolution is now, therefore, ~7.4m (instead of
2.5m). This is roughly equivalent to the best-case
spatial resolution from a SAR antenna 15m long.

Signal-to-Azimuth Ambiguity Ratio (dB)

PRF/Doppler Bandwidth

0.2 0.4 0.6 0.8 1.0
Processed Bandwidth/PRF

Figure 2: Signatto-Azimuth Ambiguity ratios in dB

as a function of the PRF expressed as a fraction of
Processed
Bandwidth expressed as a fraction of the PRF.
Signal and ambiguous echo levels were integrated
over the available processing bandwidth to generate

the Doppler Bandwidth and the

these results. A uniformly fed planar array with
side-looking geometry wa assumed.

So what are the trade-offs involved in shortening the
antenna length? There is another (upper) limit on the
PREF that says to avoid significant ambiguous echoes in
range the pulse repetition interval (1/PRF) must be
smaller than the time it takes to collect returns from the

recorded swath on the ground". This can be expressed
as:

PRF < —— 6)
I Wy sing

So using a smaller antenna often means reducing the
amount of swath it is possible to record. As an example,
take a SAR antenna of dimensions 15m X 1.5m,
optimized for best-case stripmap-mode spatial
resolution /x = 7.5m, and a swath width W, of ~ 100
km®. Shrinking the antenna length to 5m would reduce
the useful swath by about a factor of 3, and the SNR by
a similar factor, after equation (3).

B) Minimize the Antenna Width

Narrowing the antenna width W, significantly extends
the illuminated swath W,y on the ground, but there is
a severe penalty to be paid in SNR, which has a ,’
dependence, again from equation (3). If the SAR
designer tries to extend the recorded swath W,, then
equation (6) comes into play, as a consequence
constricting the PRF. But as seen in Figure 2 and the
associated discussion, the PRF cannot be reduced
arbitrarily without impacting the level of along-track
ambiguities, and/or the along-track spatial resolution.

C) Over-illuminate the Swath

As discussed above, narrowing the antenna width W,
significantly extends the illuminated swath W) but
there is in general no need to make the recorded swath
We = Wemay. It can be set significantly smaller to
reduce the instantancous data rate (which is
proportional to swath width), a significant concern for
planetary SAR systems in particular®>*. It may also be
necessary to restrict the recorded swath W, to those
regions within W,y Where the range ambiguities are
at acceptable levels [this depends on the precise shape
of the antenna pattern in elevation] A SAR system
design with W, << Wyu.ay is inefficient, since one is
illuminating terrain with radar pulses but not collecting
the radar echoes. However, it is not specifically
prohibited by any other design consideration.

D) Select the Lowest Mass Density Antenna

It is well-known that spacecraft mass tends to be a
strong driver of system cost™. Figure 3 shows that for
SAR systems spacecraft mass (and therefore system
cost) correlates well with antenna mass when the SAR
is the dominant payload. So to reduce overall system
cost the priority is to reduce the antenna mass.

What drives antenna mass? One factor is captured in
Figure 4, which shows that SAR systems with more
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acquisition modes trend towards having greater antenna
mass (with a couple of exceptions). SAR systems with
low mass antennas tend to have just one or two
acquisition = modes  (Seasat, JERS-1, ERS-I,
MicroXSAR™, and Biomass’’). The two exceptional
cases shown: NovaSAR-S and RISAT-2, have a very
compact phased array antenna, and a phased array
feed/deployable mesh reflector antenna, respectively.
All of the other systems, with antenna mass values of
around 400 kg and higher, are phased array antennas.
What’s going on here is partly that SAR designers like
to add more modes to keep up with the state-of-the-art
(no-one wants their system to be less capable than ‘the
competition’). Active phased array antennas allow more
SAR modes to be implemented, so phased array
antennas have become the norm. If at the same time the
system is required to have the widest possible swath,
and best possible along-track resolution that leads to
massive, bulky antennas.

S/C Mass vs Antenna Mass (kg)
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Figure 3. Total spacecraft mass vs SAR r#enna
mass for 17 civil spaceborne (Eartforbiting) SAR
systems. Systems where the SAR @ was not the
only significant remote sensig payload are
indicated as red diamonds.

The SAR systems that group towards the bottom left-
hand corner of Figure 4 wuse different antenna
technologies in place of active phased arrays: passive
microstrip patches (Seasat and JERS-1), slotted
waveguides (ERS-1 and MicroXSAR), and passive
deployable reflectors (Biomass). Reflectarray antennas,
now demonstrated in space on JPL’s ISARA™ and
MarCO™ cubesats, also offer potential as lighter SAR
antennas, but at the expense of restricted mode
flexibility.

Reinforcing this argument, as illustrated in Figure 5, the
SAR antennas with the lowest mass density (kg/unit
area) tend to be those that do not use active phased
array technology.

Antenna Mass vs # Acquisition Modes
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Figure 4: SAR atenna mass plottedagainst the
number of different acquisition modes for 17 civil
spaceborne (Earthorbiting) SAR systems.

Note that RISAT-2, a close cousin of the Israeli
TecSAR system®’, has a phased array feed with a
passive deployable reflector, which allows multiple
acquisition modes while still achieving low mass. This
approach may be unique in that it allows low mass
density antennas to have quite sophisticated data
acquisition modes, such as SweepSAR*Y, which was
baselined in JPL’s design for the DESDynl SAR

mission*™*, and has since evolved into the current
NISAR project®.
Antenna Mass Density
vs # Acquisition Modes
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Figure 5: SAR antenna mass density plotted against
the number of different acquisition modes for 17
civil spaceborne (Earthorbiting) SAR systems.

Freeman

32" Annual ATAA/USU
Conference on Small Satellites



E) Choose the smallest possible number of Imaging
Modes

The discussion above leads to this design principle.

F) Add polarization diversity only when needed to meet
the majority of system requirements

The addition of polarization diversity with the ability to
acquire multiple polarizations simultaneously, adds
science value to the measurements, and can often be the
only way that the primary science objectives of the
mission can be met. Biomass, DESDynI and NISAR are
notable examples of this.

Adding polarimetry complicates the system design
however*®* and often forces the SAR designer towards
a phased array antenna solution, since that approach
leads to a fairly straightforward implementation.

Compact or hybrid-pol architectures™ can reduce the
complexity when compared with fully polarimetric
systems, and are compatible with reduced-mode system
designs. Scientists who use SAR data have been slow to
embrace this approach, though its implementation on
recent missions such as RISAT-1" and the upcoming
Radarsat constellation® may help turn that tide.

G) Select a Data Rate that maximizes on-time per orbit

The data rate for a SAR system can be represented as:
I R =nl (% + T ) n, !; ' (PRF /PreSum) .! @)
- p =N c p)-Th:s- PR

where n is the number of different channels (e.g.
polarizations, multiple antennas for interferometry) for
which the system collects data; W is the recorded
swath width in slant range, 7, is the number of bits per
sample; f; is the sampling frequency - typically set to be
at least 2X greater than the pulse bandwidth B,; the
PreSum factor represents the amount of Doppler
bandwidth that is actually captured (compared with the
PRF)49; and Fppp represents the degree to which On-
Board Processing (OBP), e.g. to form a SAR image,
reduces the effective data rate.

If the SAR on-time per orbit is 7,, seconds, and the
maximum data volume that can be downlinked per orbit
iS Dyax, then the metric that the SAR designer should
seek to maximize is:

— Dmax
Tr == (8)

For a fixed downlink capacity, the degree of freedom
here is in Dp, yielding several options:

i. Reduce the number of channels # to the minimum
possible (consistent with Design Principle F' above)

ii. Record data over a smaller swath width (consistent
with Design Principle C)

iii. Use a shorter pulse (this is not common)

iv. Reduce the number of bits per sample, e.g. by
using techniques such as BFPQ"

v. Presum or prefilter to knock down the usable
Doppler bandwidth, and therefore degrade the
along-track resolution (see Design Principle 4)

vi. Perform On-Board Processing, forming a SAR
image then multi-looking to reduce the effective
data rate (may lose phase information in the
process).

Option vi is attractive in many respects, since it can
reduce the data rate significantly, but has not been
widely adopted. This may be because the SAR designer
pays the penalty that phase information is lost,
eliminating one of the strongest and most unique
applications of SAR data: repeat-pass interferometry or
RPI. For RPI to work from repeat orbit to repeat orbit,
one needs phase coherence, which is eliminated when a
detected SAR image is formed, then multi-looked. RPI
capability is often a baseline (i.e. non-negotiable)
requirement for science-driven SAR measurements,
such as those specified for Surface Deformation in
NASA’s ESAS 20177,

H) Select an average power consumption that
maximizes on-time per orbit (but beware thermal
overload)

The average DC power needed to operate a SAR
system can be represented by:

ot (FEE ) ©)

orbit

where P, is the RF peak transmit power, &represents the
DC-RF conversion efficiency of the High-Power
amplifier used to transmit (typically in the range 30-
70%), P. is the DC power drawn by the receiver
electronics, and T, is the orbit period.

For a fixed amount of DC power available to operate
the radar, eq. (9) suggests the SAR designer has the
following degrees of freedom:

i. Reduce the peak RF power — which will have the
effect of increasing the minimum noise-equivalent
sigma-naught'’

ii. Select the most efficient transmitter option
available

iii. Select receiver electronics that use less power
(consistent with Design Principle F)
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The note of caution to the SAR designer here is that all
the DC transmit power that is not converted to RF
generates heat instead. That heat has to be dissipated if
the radar electronics are not to exceed operating
temperature. This often limits the SAR on-time.

PUTTING THE DESIGN PRINCIPLES
PRACTICE

INTO

The author has been involved with quite a few SAR
system concept designs over the years, some that have
been proposed to NASA, and at least one to ESA’. In
each case, wherever possible the design principles
outlined above have been followed. Proposed concepts
are often very well-defined, but complete design
descriptions do not always appear in the literature.
Table 1 captures the features of seven examples of SAR
designs that the author has been personally involved in,
with references indicating where further details have
been published. Note that, except for DESdynl, in all
these examples the minimum number of modes was
preferred. Active, phased array antennas, have been
avoided, which allowed lower mass solutions.

Obispo, CA. It addresses a unique challenge to design a
SAR that can fit within a 12U cubesat volume. The
approach adopted by the author was to use a very short
antenna (Design Principle 4) with the widest possible
extent (30 cm) at Ka-Band (Principle B). A reflectarray
antenna was the lowest mass density option available
(Principle D). This SAR has a single imaging mode
(Principle E) and just one polarization (Principle F). A
BFPQ of (8:4) and a Presum factor of 3 to were
selected to knock down the data rate (Principle G), but
thermal constraints limited the on-time per-orbit for this
concept to just 3 mins (Principle H).

The spacecraft concept for this Ka-Band cubesat SAR
is illustrated in Figure 6 and the SAR design parameters
are summarized in Table 2.

Table1: SAR Concept Design-* 3-8
SAR Design Features Antenna Type
Concept [Mass Density]
Mars UHF Polarimetry, BFPQ, Passive, deployable
SAR (2003)5 0- | PreSum, Over- reflector
52 illumination of [2.0 kg/m’]
Swath, single mode .
Biomass Short antenna, Passive, deployable 4
precursor Polarimetry, BFPQ, reflector
53 ; 2
(2004) PreSum , single [1.9 kg/m’] . .
mode Figure 6: Ka-Band SAR concept shown in deployed
DESDynl Polarimetry, multiple | Passive, deployable COHfIgUI’E\tIOI’]. Design stows into a 12Wolume.
(2009)42’43 modes, SweepSAR reflector with a
phased array feed Table 2: Ka-Band 12U Cubesat SAR
[3.6 kg/m’]
Parameter Value
VERITAS Single polarization, Slotted Waveguide ——
01 4)54,55 Short antennas, OBP, [10.5 kg /mz] Orbit altitude 400 km
single mode Center Frequency 35 GHz
Ka-band Short antenna, single | Slotted Waveguide or Incidence angle 30 degrees
Cubesat SAR mode of operation Microstrip Patch or -
(2016)56 Reflectarray Transmit peak RF power 240W
[7.9 kg/m’] DC Power 160W
S-band Single polarization, Slotted Waveguide or Pulse length 50 microsec
Smallsat SAR Short antenna, Microstrip Patch Antenna Dimensions 17X03m
constellation BFPQ, PreSum, [10.0 kg/m?]
(201 7)57 single mode F/D ratio 0.7
VHF radar PreSum, OBP, single | Yagi Bandwidth 30 MHz
sounder mode [9.9 kg with 10 m Data rate 104 Mbps
(2017)58 crossed dipoles] . . .
P On-time per orbit 3 mins
The Ka-Band cubesat SAR concept in Table 1, which | Downlink rate 40 Mbps
targets observations of ocean surface wave features was Noise-equivalent sigma-zero -17dB
described briefly in a conference presentation at the Spatial resolution/# of looks 10 m/2
2016 Cubesat Developer’s Workshop in San Luis ;
Swath width 15 km
Freeman 32" Annual AIAA/USU
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SUMMARY AND CONCLUSI ONS

The Design Principles set out in this paper lay out an
alternative path to the conventional approaches that
appear in the standard literature on SAR systems. They
also offer an alternative to the ever-expanding plethora
of modes that most SAR designers seem to strive
towards. They have been developed and applied over
the last two decades by the author and others at JPL to
novel SAR concept designs. They are particularly well-
suited to the design and realization of lower-mass
solutions, especially Smallsat SAR concepts’®>*.
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