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Introduction

Synthetic aperture radar (SAR) has been around since the 1970s, establishing the advantages of using
multiple parts of the radio spectrum for mapping topographic features of the earth.  While air-craft
borne SARs are common, mounting radars on satellites offers unique advantages over aircraft-borne
SARs [1] in terms of the flexible incidence angles, wider swath area coverage and reduced processing
and imaging complexity. However, space-borne radars do face challenges like bottlenecks in viewing
geometry, data acquisition controlled by the orbit, higher power requirements, in addition to the cost
involved in transporting heavy high power radar imaging equipment to the outer space [2]. 

For  mapping  a  localized  geographical  zone,  satellites  in  the  geosynchronous  orbit  (GEO)  is  an
attractive option.  However,  GEO is significantly farther compared to  Low Earth Orbit  (LEO), and
placing  a  SAR satellite  in  GEO would  result  in  a  higher  overall  cost  because  of  transmit  power
requirements, increased antenna aperture size for a good resolution and a significant increase in launch
cost for higher altitudes. The downside to SAR satellites in LEO is, since the satellites are much closer
to the earth, they orbit around the earth in high speed. Hence, localized mapping is not always feasible.
A potential solution to this would be launching multi-satellite constellations, thereby increasing the
frequency  of  mapping  the  geographical  zone  of  interest.  In  general,  based  upon  the  mass  of  the
satellite, they are often categorized as micro-satellites, nano-satellites or pico-satellites [3]. Launching
and  operating  multiple  satellites  in  LEO  would  be  economically  feasible  as  long  as  the  overall
benefit/cost ratio is significantly lesser than launching and operating SAR satellites in GEO. 

Cube-sats are blocks of 10cm x 10cm x 10cm each, that are usually stacked in units such as 1U, 2U
sometimes  up  to  24U to  form a  satellite.  They  are  usually  found in  LEO,  meant  for  performing
multitude of functions such as imaging, weather monitoring [4]. Cube-sats are an ideal candidate for
mounting SAR, however the challenges involved in  mounting SARs on cube-sats  need to be well
understood. Insufficient thermal dissipation, radio frequency interference between TX, RX and high
speed circuits, EMC constraints owing to multiple board-to-board connections, efficient and high TX
power  generation  capabilities  for  a  decipherable  SNR and finally  constrains  in  the  deployment  of
antenna structures for radar imaging are some of the existing challenges in cube-sat deployment. Cube-
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sats are a viable candidate for SAR deployment in LEO as long as the SAR payload is relatively less
complex in design, enabling simpler integration into the cube-sat platform. 
 
From the RF payload perspective, the efficiency of the power amplifier,  modes of operation, supported
polarization and choice of antenna influence the cost and complexity of SAR deployment [5].

Problem Statement

Based upon the discussion above, it can be understood that there is significant incentive and challenge
in equipping nano-satellites with SAR radar to be operated from low earth orbits. However, the design
complexity of  integrating a  SAR radar  on a  cube-sat  platform is  a  daunting task to  achieve.  This
proposal is catered towards investigation of RF front-end topologies that are low cost, lighter in weight
and simpler to implement on cube-sat platform, intended for mapping a geographical zone of interest. 

Current state of art in SAR Antenna/Front-end topology 
implementation

With all the constraints mentioned above, equipping SARs on nano-satellites demonstrates a daunting
problem to address. However, the complexity of SAR design and the dimensions and mass of the SAR
system depends on the azimuth resolution and the swath coverage area needed. It has been shown [6]
that, if the requirement of obtaining a wide swath area and a fine resolution image is relaxed, antenna
length  can  be  considerably  reduced.  Simultaneously,  antenna width  and  mass  density  can  also  be
reduced when the SNR obtained and the operating mode of the SAR system are acceptable [6]. When
multi-mode,  continuous  radar  data  collection  is  desired,  with  a  relatively  simpler  design,  a  small
constellation of mutually separated TX and RX satellites called multi-static SAR systems is a viable
option [7].

SAR nano-satellites are an ideal platform for implementing beam-steering. Beam-steering offers the
ability to generate a narrow beam for higher resolution and greater focus from a localized area, helping
increase SNR with relatively minimal effort.  A survey of beam steering techniques for array antennas
has been presented in [8], and in the following section, the feasibility of implementing these techniques
in  a  SAR  nano-satellite  system  with  the  front-end  design  complexity  perspective  is  discussed,
simultaneously keeping in mind, the antenna design trade-offs mentioned earlier.

1. Mechanical Steering

Refers to the steering of the transmit and receive antennas (usually a highly directive structure like a
horn antenna) with the help of an on-board rotary system with stepper motors and sensors. Since beam



steering is manually controlled, multiple transmit and receive blocks and their corresponding front-ends
are absent in this design, thus making it the simplest of designs. However, moving parts like motors can
be bulky and can also cause  long-term reliability  concerns.  Mechanical  steering would still  be  an
attractive option for static environments since beam steering depends on steering speed of the motors.

2. Beam-forming

Beam-forming technology requires an array of antenna elements fed by signals varying in phase (and
sometimes amplitude) proportional to the angle of the steering beam.

Analog  beam-forming (ABF),  also  known as  Passive  Electronically  Scanned  Array  (PESA)  is  a
technique where the phase delays are controlled by phase shifters. Each antenna element in the array
needs  an  accompanying  phase  shifter.  The  front-end  consists  of  a  single  Transmit/Receive  (T/R)
module,  interconnects from which can be split to feed into the phase shifters with a lossless, non-
dissipative coupler like the Rat-race coupler [9]. The drawbacks of an analog beam-forming system
involves the presence of a shifter, which can be lossy and bulky depending on the power of operation. 

Digital beam-forming (DBF) also known as Active Electronically Scanned Array (AESA) is where
every antenna element, or a sub-array of elements are provided with a T/R module individually for
phase-correction, up/down conversion and subsequent digitization. Since the development of DBF and
processing technologies, numerous topologies and variants of SAR with DBF have been published –
capable of operating in different bands, with a TX only and RX only configuration. The advent of
GaAs and notably, GaN Monolithic Microwave Integrated Circuit (MMIC) and Multi Chip Modules
(MCM) [4] technologies capable handling of high power densities, has enabled reduction in front-end
footprint, precise and instant beam control, wide swath coverage and high resolution imaging, along
with image processing and compression, suitable for quickest data transfer to the ground stations. With
the numerous T/R modules, supporting parts like power supplies and thermal dissipation now needs to
be  developed  which  compounded  on  to  the  overall  mass  and complexity  of  the  satellite,  thereby
increasing the cost, at the expense of high resolution imaging [4].

3. Reflect-arrays

Reflect-arrays  are  a  great  way of  simplifying  the  design,  especially  with  respect  to  the  front-end
complexity. In a reflect-array which basically comprises of an antenna and a reflector panel, patterned
metallic patch structures are printed on the reflector panel that are meant for changing the phase delays
of fields impinging from the antenna, and directing them towards the target to be illuminated [9]. The
pattern on the reflector panel acts like a phase shifter, as opposed to PESA where signal phase is shifted
by a phase-shifter  module.  Thus,  with the absence of  phase-shifter  components  and complex feed
network, reflect-arrays are by far simple and easier to deploy. However, the reflector pattern design is
dependent  on  the  wavelength  of  the  high  frequency  signal  from  the  antenna,  causing  bandwidth
limitations [10]. At lower frequency bands, the dimensions of the reflector can be huge [9] causing
deployment concerns.



4. Lens antennas

Lens antennas use a set of antennas and a dielectric lens along with an RF switch. By selecting one
element in the array to transmit at a time through the lens, different angles of the outgoing beam can be
achieved. Lens antennas increase the redundancy of the system by not utilizing the entire array, and
also incurs insertion loss. From the front-end perspective, Lens antenna system is similar to PESA
where the phase shifters are replaced with an RF switch for antenna selection.

5. Meta-material antennas

Meta-material antennas use meta-materials to artificially modify the dielectric of the medium through
which the beams pass through, enabling the possibility of beam steering. Although, for usable steering
resolution, multi-layer meta-material fabrication mandates the use of active elements like varactors to
tune the dielectric properties of the meta-material  enabled frequency selective surface,  thus rapidly
increasing the design complexity of the tuner circuit, and also incurring loss in every layer [8].

6. Traveling Wave antennas

Unlike resonant antennas, traveling wave antennas radiate with the help of currents traveling along the
length of the antenna towards a matched load. A popular implementation of traveling wave antenna is
called  Leaky  Wave  antennas  [8]  which  are  capable  of  producing  highly  directional  beams.  Beam
steering is achieved by changing the frequency of the signal. Low cost and lighter versions of traveling
wave antenna has been implemented in [11] where Carbon Fiber Reinforced Polymer (CFRP) and
parallel  aluminum  plate  with  light  honeycomb  dielelectric  are  discussed  for  construction  of  the
radiating  elements  for  a  light-weight  implementation.  Traveling  wave  antennas  are  especially  an
attractive option at  high frequencies since they are typically low loss compared to their  microstrip
counterparts.  In  [11],  a  centralized  T/R  module  is  implemented,  thus  also  reducing  the  cost  and
complexity of the feed network while also supporting dual polarization. For high steering resolutions,
phase  shifters  may  be  necessary  since  frequency  dependent  beam  steering  may  mandate  wide
bandwidth implementation. 

In summary, while Mechanical steering and Reflect-arrays are attractive options in terms of simplicity,
they  may  not  always  be  suitable.  Reflect-arrays  are  more  suitable  for  smaller  wavelengths,  but
produces challenges for lower frequency applications. PESA and traveling wave antennas are ideal
candidates  for  a  simplistic  design simultaneously capable of  supporting multiple  frequencies.  Both
techniques require phase shifters, for which alternatives can be explored to further simplify and even
enhance performance. Lens antennas introduce redundancies, in an environment where payload space
is paltry. Metamaterial antennas and AESA introduce high degree of design complexity and necessitate
additional design structures. In [12], PESA has been successfully implemented with a reflector which
has helped in reducing peak power and also demonstrates an increase in azimuth resolution and swath
area. In the following section, options for further simplifying ABF technique are explored.



Methodology

1. Feed topology selection

Microstrip patch antennas are some of the most commonly observed antenna types for both PESA and
AESA implementation. Corporate feed networks are commonly implemented for patch array networks.
For simplifying the front-end design of a space-borne SAR radar, one approach would be to trade-off
directivity and hence, the sensitivity of the radar system by reducing the number of elements in the
array. Reducing the antenna size can improve azimuth resolution at the expense of sensitivity, as long
as the reduction is within limits [13]. This solution also depends on the nature of the surfaces that are
expected to be imaged by the radar.  

Alternatively, another form of simplification of the radar front-end design can be achieved by finding
replacements  for  the bulky phase shifters  used in  passive beam-forming networks.  In  [14],  power
dividers and phase shifters are being replaced with a variable capacitors and impedance transformers
for  simplifying  the  implementation  of  phase  shifters  necessary  for  passive  beam-forming.  This
technique, called extended resonance method, demonstrates maintaining a constant signal amplitude
introducing a uniform phase shift at every antenna. Another method of a simplistic phase shifter is
implemented in [15] where phase change at every antenna as a result of vector sum is achieved. This
design, enables phase change with just one phase shifter per an 8-element array, generating a scan
range of 33 degrees. In terms of simplicity, a technique similar to [14] employing transmission line
transformers as applied to balanced antennas is shown in [16] where, for simultaneous phase shifting
for all antennas in the array, a tunable capacitor is used per antenna element. 

2. Front end module technology review

With  an  understanding  of  trade-offs  of  the  several  antenna  types,  and  with  the  identification  of
opportunities for feed structure optimization, the T/R module is the final component of the front-end to
be selected for mounting a SAR radar on a nano-sat. PESA over AESA is that for DBF systems, T/R
modules are mounted over every array element, whereas on PESA a centralized T/R module supplies
the entire  array,  which makes the  T/R module  heavy and necessary of  supporting very  high peak
powers, of the order of a few hundred kilowatts [17]. While traveling wave tube (TWT) amplifiers are
capable  of  supporting  such  high  power  requirements,  high  bandwidth,  while  keeping  the  feed
simplistic, they often tend to be expensive and restrict mode flexibility [18]. Luckily, with the advent of
GaAs (High Electron Mobility Transistor) HEMT and GaN MMIC technologies, high power density
can be packed within a tiny area, even capable of supporting the entire front-end on a single chip. With
a budgeted peak requirement of about 1000W, multiple MMICs can be combined to supply the PESA
as demonstrated in [19][20]. One inherent disadvantage of PESA architecture is that the T/R module
being centralized runs the risk of being a single point of failure [5]. However, with the limited budget
of a nano-sat in LEO orbit, an MTBM (mean time between maintenance) of a few hundred hours could
still exceed the operational time of nano-sat in LEO orbits which usually spans a few years, since the
operational time of mapping a zone of interest is just about a few minutes every day. 



Conclusion
The incentives for equipping SAR on nano-satellites were identified, and the challenges in integrating
the various modules necessary for a nano-satellite system was discussed. Potential opportunities to
address the design challenges and their advantages and trade-offs were explored, mainly with regards to
the RF payload perspective.  Beam-steering through PESA tracking with phase shifter  optimization
techniques along GaN MMIC source could potentially result in a cheaper and a lighter version of SAR
suitable for a cube-sat mission in LEO.
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